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ABSTRACT: Halide perovskites are an intriguing class of materials that have recently
attracted considerable attention for use as the active layer in thin ﬁlm optoelectronic
devices, including thin-ﬁlm transistors, light-emitting devices, and solar cells. The “soft”
nature of these materials, as characterized by their low formation energy and Young’s
modulus, and high thermal expansion coeﬃcients, not only enables thin ﬁlms to be
fabricated via low-temperature deposition methods but also presents rich opportunities
for manipulating ﬁlm formation. This comprehensive review explores how the unique
chemistry of these materials can be exploited to tailor ﬁlm growth processes and
highlights the connections between processing methods and the resulting ﬁlm
characteristics. The discussion focuses principally on methylammonium lead iodide
(CH3NH3PbI3 or MAPbI3), which serves as a useful and well-studied model system for
examining the unique attributes of halide perovskites, but various other important
members of this family are also considered. The resulting ﬁlm properties are discussed
in the context of the characteristics necessary for achieving high-performance optoelectronic devices and accurate measurement
of physical properties.
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with a broad range of optoelectronic applications.1 These
materials possess not only outstanding material properties,
including in many cases direct and tunable bandgaps,2−7 high
electron/hole mobilities,8−10 strong light-absorption coeﬃcients,11 and high defect tolerance coupled with low nonradiative recombination rates (as established by long photogenerated carrier lifetimes and diﬀusion lengths),12−14 but also
are extremely easy to fabricate, even being compatible with
room-temperature deposition processes.15,16 This unique
combination of attributes enables the prospect of highperformance thin ﬁlm optoelectronic devices manufactured
by solution processing or other low-cost fabrication methods
and has stimulated intense interest in the emerging ﬁeld of
“organic-inorganic electronics.”17 While early device research
focused on thin ﬁlm transistors18−20 and light-emitting diodes
(LEDs),21−23 halide perovskites have achieved their most
recent success in photovoltaics (PV), with perovskite solar cells
(PSCs) displaying rapid evolution of power conversion
eﬃciency (PCE) relative to other thin ﬁlm technologies over
the past decade.24−29 Halide perovskites are also receiving
renewed interest for use in eﬃcient LEDs,7,30−34 as well as
high-performance photodetectors (visible/infrared,35,36 Xray,37,38 and gamma-ray39), lasers,40,41 nonlinear optics,42−44
and spintronics.45 Furthermore, halide perovskites are a useful
platform for the examination of diverse novel chemical/
physical phenomena, such as lower-dimensional magnetism,46
dielectric conﬁnement/room-temperature exciton features,47−50 Rashba-Dresselhaus and other spin-related effects,51−56 and a combination of “soft” chemical/mechanical
character (i.e., low formation energy and stability dictated by a
delicate thermodynamic balance, low mechanical stiﬀness, and
large thermal expansion coeﬃcients) with attributes of more
traditional inorganic semiconductors.1,57−61
Despite the high intrinsic quality of the halide perovskites
for optical and electronic application, the properties and
performance of halide perovskite thin ﬁlms are dictated to a
large degree by the way they are processed. For both device
application and scientiﬁc study, these ﬁlms must be carefully
fabricated to meet the speciﬁc needs of a given device type and
architecture, as well as to ensure the quality and accuracy of
measurements of microstructure-sensitive physical properties
such as carrier mobility. The aim of this review, therefore, is to
serve as a guide to the many routes that have been developed
for the deposition of high-quality halide perovskite thin ﬁlms,
primarily over the past decade, and to highlight the ways in
which the “soft” nature of these materials presents both unique
challenges and opportunities in their fabrication. Given that
most recent research has focused on Pb- and Sn-based
perovskites for PV applications, the review will be centered
around the processing of these systems, especially methylammonium lead iodide (CH3NH3PbI3 or MAPbI3), which
exempliﬁes the advantages and obstacles encountered when
working with this family of materials. However, we expect that
the principles and approaches discussed will apply to the
broader family of halide perovskites, as well as to related classes
of “soft” crystalline materials.
This review is intended to be comprehensive and to provide
a thorough description of the major classes of processing
routes for halide perovskite thin ﬁlms. However, we have
endeavored to make the paper as accessible to those seeking
only the essential information regarding a certain type of
deposition process, as to those wishing to gain a holistic
understanding of the ﬁeld. In that spirit, a brief description of

3233
3233
3234
3234
3234
3235
3236
3237
3238
3239
3239
3240
3241
3241
3242
3243
3243
3244
3244
3244
3247
3251
3251
3256
3260
3264
3264
3265
3266
3266
3266
3268
3270
3270
3270
3271
3272
3274
3274
3275
3275
3276
3276
3276
3276
3276
3277
3277

1. INTRODUCTION
Halide perovskites have rapidly emerged as a topic of vigorous
research activity, as an unprecedented class of semiconductors
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each of the following sections is given below to help guide the
reader to the portions of the review that are most relevant to
their needs. Section 2 introduces the basic aspects of
perovskite crystal structure, device architectures, and microstructure, and how they pertain to processing considerations.
Section 3 provides a theoretical basis underlying the relevant
processes of ﬁlm formation, although comprehensive understanding of halide perovskite thin ﬁlm growth is still in its early
stages. This section proceeds from an overview of classical
theories of nucleation and growth before delving into more
system-speciﬁc considerations (i.e., simultaneous vs sequential
deposition of precursors, solution vs vapor-based ﬁlm growth).
Sections 2 and 3 are intended to provide a conceptual and
scientiﬁc foundation for the material in later sections, avoiding
emphasis on speciﬁc techniques. Section 4, by contrast, is
focused on exploring those techniques, employing the concepts
introduced in the preceding sections to examine how the
processing methods that have so far been used in perovskite
optoelectronics can be applied to achieve thin ﬁlms of suitable
microstructures/morphologies for high-performance devices or
material property measurement. In section 5, eﬀects of
postdeposition treatments such as solvent annealing or
exposure to vacuum are explored, again employing concepts
introduced in sections 2 and 3. Eﬀects of the perovskite
precursor composition are considered in section 6, including
cation and halide substitution, as well as more subtle changes
such as alloying/doping, changes in stoichiometry, and the use
of additives to modify thin ﬁlm growth. Section 6 also draws
from the material in sections 2 and 3, but it is intended to
highlight important chemistry-induced deviations from the
behavior of the prototypical MAPbI3 system. Section 7 covers a
slightly diﬀerent aspect of chemistry, namely, the inﬂuence of
the substrate on thin ﬁlm growth and properties. Finally,
section 8 provides a summary and some perspectives for future
research in the area of halide perovskite thin ﬁlm deposition.

Figure 1. Crystal structure of the 3D perovskites: X anions (violet
spheres) are located at the vertices of the octahedra and B cations
(gray spheres) at their centers, while the A cations (red sphere) reside
in the interstitial spaces between the BX6 octahedra.

cated at processing-relevant temperatures by dynamic disorder65,66 and are irrelevant for all-inorganic compositions. In
order to form this structure, several requirements must be met.
In most cases, A and B are cations and X is an anion; the
valences of A and B must therefore sum to three times that of
X in order to maintain charge balance (i.e., for halide
perovskites, the A and B cations are predominantly
monovalent and divalent, respectively). Furthermore, the
structure can only accommodate certain combinations of
ions due to restrictions on their relative sizes. These
restrictions are most often expressed in terms of the
Goldschmidt tolerance factor, t, given in terms of the ionic
radii rA, rB, and rX:67
rA + rX
t=
2 (rB + rX)
(1)
Empirically, the 3D perovskite structure is favored for values of
t between 0.8 and 1.63 Also, of importance is the octahedral
factor,
μ = rB/rX

2. FUNDAMENTALS OF HALIDE PEROVSKITE
CRYSTAL, DEVICE, AND FILM STRUCTURES
Before immersion in the details of halide perovskite ﬁlm
deposition, a consideration of basic perovskite crystal
chemistry, as well as typical targeted ﬁlm and device structures,
provides an important bearing on what makes certain ﬁlm
characteristics beneﬁcial or undesirable in a given context.
Accordingly, this section ﬁrst provides a brief introduction to
the essential features of halide perovskites and thereafter
discusses more detailed aspects of ﬁlm composition, microstructure, and defects, and their implications for ﬁlm quality
and device functionality.

(2)

which assesses whether the B atoms will prefer an octahedral
coordination of X atoms (as opposed to favoring larger or
smaller coordination numbers); this condition is satisﬁed for
values of μ between 0.4 and 0.9.68 While these are useful
guidelines, these metrics derive from simpliﬁed models based
on hard-sphere packing, which do not capture the full
subtleties of interatomic interaction and may be based on
uncertain data for ionic radii (especially for nonspherical
molecular cations). Nevertheless, these factors can provide
useful intuition for rationalizing the stability of certain
perovskite-derived structures. Most perovskites of current
interest for PVs (i.e., APbI3, where A is CH3NH3+/MA+/
methylammonium, HC(NH 2 )2 + /FA +/formamidinium, or
Cs+), as well as some used in LEDs (e.g., MAPbBr3 or
CsPbBr3), adopt either the ideal or a slightly distorted 3D
perovskite structure (although this structure may not be the
most thermodynamically stable one at room temperature, as
discussed further in section 6.2). On the basis of the above
tolerance factors and assuming the largest metal halide
framework (B = Pb and X = I), we can deduce a limit on
the size of the A cation, at approximately 2.6 Å for the 3D
perovskite framework, which corresponds to no more than 2−
3 C−C or C−N bond lengths (i.e., the 3D framework imposes
quite stringent constraints on the selection of organic cations
that can participate within the perovskite structure and
associated thin ﬁlms).

2.1. Crystal Structure

Although there are many structural variants within the
perovskite family (examined in more detail in previous
reviews62−64), they all share the same motif, derived from
the crystal lattice of the original perovskite, the mineral
CaTiO3. In this structure, which may be more generally
expressed using the chemical formula ABX3, corner-sharing
BX6 octahedra form an extended three-dimensional (3D)
network, with A cations residing in the cuboctahedral spaces
formed within the B−X framework (Figure 1). The structure is
stabilized by the electrostatic interaction between the A-site
cations and the anionic B−X framework, and it may also
involve hydrogen bonding between organic A cations and the
halogen anions, although the latter interactions are compli3195
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posed by the anisotropy of the layered hybrid perovskites
relates to the fact that charge carriers can travel easily in the
plane of the inorganic sheets but generally cannot easily cross
from one layer to another, as the less conductive organic
component (as well as the van der Waals gap, if present)
impedes transport. During thin ﬁlm deposition of 2D systems,
a key aspect for many device/measurement applications
therefore relates to control over which crystallographic
orientations are preferred relative to the substrate.
The properties of the layered perovskites may be tuned not
only by changing the chemistry of the large organic cation or
the inorganic sheets but also by blending mixtures of large (A′)
and small (A) cations, such that the structures consist of
variable thickness layers of the 3D perovskite terminated by the
large organic cations. Such quasi-2D structures are often
referred to as Ruddlesden−Popper (monovalent A′) or Dion−
Jacobson (divalent A′) phases.69 Ruddlesden−Popper phases
are the most widely studied and adopt the generalized
chemical formula A′2An‑1BnX3n+1, where each 3D perovskite
layer is n octahedral (metal halide) layers thick (Figure 3).

While the choice of organic cation is relatively limited for 3D
perovskites, two-dimensional (2D) analogs are also possible
and oﬀer vast additional ﬂexibility. Such structures consist of
alternating sheets of the corner-sharing metal halide octahedra
interspersed with monolayers or bilayers of the A cations
(Figure 2). Although their lateral extent is still conﬁned by the

Figure 3. Ruddlesden−Popper series. Starting from the 2D perovskite
(n = 1), as successive octahedral sheets are added to the inorganic
layer (increasing n), the crystal structure and physical properties of
the material approach those of the 3D perovskite (n = ∞).

Varying the large/small organic cation blend allows a smooth
variation of physical properties from the 2D (n = 1) to the 3D
(n = ∞) perovskites, providing a useful method to tune ﬁlm
optoelectronic character (e.g., band gap). A notable feature of
using larger-n (typically n > 3) Ruddlesden−Popper perovskites relates to the reduced tendency for the metal halide
layers to lie ﬂat on the substrate during ﬁlm deposition with
increasing n, allowing for enhanced electrical connectivity
across the ﬁlm thickness (strategies for depositing such ﬁlms
are explored in section 6.4.1).70,71 The relatively small energy
barrier separating the formation of Ruddlesden−Popper family
members with adjacent n values makes it diﬃcult to form
single-phase thin ﬁlms (especially for large n). This eﬀect is
evinced by the fact that attempts to synthesize ﬁlms using a
target stoichiometry (a particular n value) often produce
mixtures of the desired phase and Ruddlesden−Popper
perovskites with larger and smaller n, which also leads to
more complicated optoelectronic character of such ﬁlms.31,72
Nevertheless, the variable bandgap and improved material
stability conferred by the large organic cation have enabled
Ruddlesden−Popper perovskites to serve as active layers both
for eﬃcient LEDs7,31 as well as PSCs that display substantially
enhanced stability relative to those based on the 3D
perovskites.73
Although recent research has been most focused on
perovskites with the crystal structures described above, many

Figure 2. Possible crystal structures of the 2D perovskites. (A) In the
A2BX4 structure, two monovalent organic cations are bonded to the
inorganic sheet per BX4 repeat unit, forming a bilayer of these cations
between the inorganic sheets, with van der Waals interaction between
the organic layers. (B) In the ABX4 structure, each organic cation
contains two positively charged tethering groups at either end,
enabling each cation to bond to two adjacent inorganic sheets.

size of the 2D metal halide lattice, organic A site cations can be
arbitrarily long, enabling the placement of large, high-aspect
ratio cations such as those based on aliphatic or aromatic
groups. Furthermore, the geometry of the 2D octahedral
arrangement implies (typically) a BX42− inorganic repeat unit
(as opposed to a BX3− unit in the 3D structure); therefore, the
negative charge associated with the extra anion must be
balanced by an additional positive charge. For the most
commonly encountered layered lead halide perovskites such as
those based on phenethylammonium [C6H5(CH2)2NH3+ or
PEA+] or butylammonium [C4H9NH3+ or BA+] lead iodide, a
bilayer of monovalent cations forms between two adjacent lead
halide sheets, creating a van der Waals gap between them
(Figure 2A); such compositions thus have A2BX4 stoichiometry. Alternatively, each pair of cations in the above scheme
may be replaced by a single divalent cation with tethering
groups at either end to connect to adjacent halide sheets
(Figure 2B), leading to ABX4 stoichiometry. One challenge
3196
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Figure 4. Common PSC architectures: (A) planar PSC, (B) mesoporous PSC, and (C) band diagram of a PSC. Not drawn to scale.

features that may be completely irrelevant to the perovskite
ﬁlm. Nevertheless, high quality of the perovskite thin ﬁlm is a
necessary (though by no means suﬃcient) condition for
outstanding device performance, and thus the latter can be
used as a proxy for the former if other components of the
device are suitably controlled. Below are discussed some basic
concepts relating to the construction of perovskite solar cells,
LEDs, and photodetectors, which may have bearing on ﬁlm
deposition, and, therefore, discussion in later sections of this
review.
Perovskite solar cells (PSCs) are generally constructed in a
p-i-n or n-i-p architecture, wherein the nominally intrinsic
perovskite absorber is sandwiched between a p-type hole
transport layer (HTL) and an n-type electron transport layer
(ETL), as shown in Figure 4A (possibly also including a
mesoporous scaﬀold that may be either semiconducting or
insulating, as shown in Figure 4B). In general, it may not be
the case that the perovskite is strictly intrinsic (i), with the
position of the Fermi level strongly depending on fabrication
conditions76−79 as well as the substrate.80−82 However, the
perovskite layer is generally less heavily doped compared to the
adjacent materials, and therefore, it may have relatively little
impact on the built-in electric ﬁeld across the device,83,84
although this may not always be the case.85 The anode and the
cathode contact the ETL and the HTL, respectively, and are
either metals or transparent conducting oxides (TCOs).
Although, subject to some inconsistency in the literature,
here we adopt the convention that the anode and cathode are
the terminals through which the electrons and holes are
extracted, respectively (Figure 4C), as this nomenclature best
represents current ﬂow through the device under normal
power-generating conditions.
Considerations of perovskite ﬁlm grain size and crystallographic orientation are particularly important for PSCs. It is
generally desirable to have grains that are large enough to
extend across the full thickness of the active layer to mitigate
the possibility of trap states or carrier blocking at grain
boundaries. It is also beneﬁcial to arrange favorable crystallo-

other structural possibilities exist within the perovskite family.
Recently, the divalent ethylenediammonium (H3NC2H4NH32+
or en2+) cation has been shown to incorporate into MASnI374
and FASnI375 perovskites without destabilizing the 3D
network, apparently as a result of formation of Sn and I
vacancies that are necessary to maintain charge balance. Twodimensional structures also aﬀord considerable structural
diversity; while the layered structures shown in Figures 2
and 3 can be conceptually derived by slicing the 3D perovskite
framework along the (100) direction and stacking these
sections up in alternation with layers of organic cations, other
cuts from the 3D inorganic framework [e.g., along (110) or
(111) directions] can also be stabilized through the
appropriate selection of organic cation or stoichiometry.64
Here, periodic arrangements of cation vacancies may also
accommodate ions of diﬀerent valence than found in the
prototypical structure, enabling, for example, the replacement
of Pb2+ by less toxic Bi3+ or Sb3+.63 It is also possible for the
inorganic layer to be corrugated into complicated structures in
which the connectivity of the BX6 octahedra is arranged in
motifs such as zigzags or staircases as opposed to planar sheets.
Detailed discussion of these and other structures can be found
elsewhere.62−64
2.2. Common Perovskite Thin Film Device Structures

Although this review does not focus on the processing of entire
perovskite devices, it is still important to consider basic
information about device design in order to fully appreciate the
complexity of halide perovskite ﬁlm deposition (e.g., the
perovskite must be deposited on top of at least one of the
preceding device layers). Therefore, interaction of the
perovskite with these underlying layers can be critical to ﬁlm
structural evolution. Often, it is taken for granted that the
substrate is a ﬂat, inert surface; however, there are many cases
in which this assumption is not valid, and the substrate
chemistry can play a signiﬁcant role in ﬁlm formation and
device operation (as discussed in more detail in section 7).
Device performance can also be a useful metric for understanding ﬁlm quality, although it also couples with other device
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collectable electron−hole pairs). The VOC is particularly
sensitive to SRH recombination, though not the location
within the device where it originates, and it can also be aﬀected
by band alignment with the adjacent layers. The FF can also be
aﬀected by recombination and/or by electrical losses such as
high series resistance or low shunt resistance that may or may
not be associated with the absorber (e.g., pinholes lower the
shunt resistance, while high-resistance secondary phases or low
carrier density increase series resistance). Taken together,
these metrics can provide additional insight into ﬁlm quality in
a suitably designed experiment.
Other types of devices tend to use similar or even simpler
structures. For example, perovskite LEDs rely on essentially the
same architecture as PSCs, with minor changes, as the ETL
and HTL must be designed for carrier injection as opposed to
extraction. This distinction can be slight, as high-performance
PSCs may also be operated as reasonably eﬃcient LEDs;26,89
however, a well-designed LED is optimized for eﬃcient
operation in the forward diode current regime rather than in
reverse. Optimal LED design may also be better served by
materials with diﬀerent band positions than those typically
used in the equivalent PSCs. Diﬀerent device types may also
entail diﬀerent demands on the nature of the active layer (and
the associated ﬁlm deposition of these layers). While similar
considerations of crystallographic orientation apply to both
LEDs and solar cells, the LED emitter may be improved by
small rather than large grains, which can conﬁne carriers and
boost radiative recombination.30,32
Perovskite photodetectors, being identical to PSCs except
for operating under reverse rather than forward bias, have been
reported using inverted36 (i.e., p-i-n) and conventional90,91
(i.e., n-i-p) PSC architectures with only minor or no
modiﬁcation to the deposition techniques, although small
alterations to the device structure may be necessary in order to
optimize reverse-bias performance. For example, while shunt
path formation is detrimental to solar cells and photodetectors
alike, solar cells can tolerate much higher shunt conductance
without suﬀering severe losses in performance than can
photodetectors. This requirement arises because the dark
current at reverse bias is equivalent to the detector noise,
which may be increased substantially by even very small
leakage paths or defect populations.36 Thus, additives may be
introduced to improve crystallinity or reduce defect concentration in the perovskite ﬁlm,36 or additional device layers may
be needed to seal pinholes and prevent undesired contact
between nonadjacent layers to reduce the dark current.91
Otherwise, ﬁlm deposition methods should be controlled
especially stringently to ensure absolutely conformal coverage
of the substrate by the perovskite active layer. A key metric
specifying the performance of a photodetector is the detectivity
D, deﬁned in terms of the device active area A, frequency
bandwidth f, and noise-equivalent power (NEP):

graphic orientations for carrier transport perpendicular to the
substrate, so that carriers can be extracted eﬃciently
(particularly for 2D and quasi-2D perovskite ﬁlms, for which
the metal halide layers should ideally orient perpendicular to
the substrate). Other important ﬁgures-of-merit characterizing
ﬁlms intended for solar absorber use are carrier lifetime and
diﬀusion length, which specify the average length of time or
distance, respectively, a photogenerated carrier can be expected
to persist within or travel through the ﬁlm before recombining
with another carrier and losing its energy as light (radiative
recombination, an unavoidable and even sometimes desirable
process, as in the case of LEDs) or heat [nonradiative or
Shockley-Read-Hall (SRH) recombination, due to defects
within the crystal lattice that generate states deep within the
band gap that can trap photogenerated carriers]. Long carrier
lifetimes and/or diﬀusion lengths are generally taken as
evidence of a low trap state density and SRH recombination
rate (as radiative recombination is generally dictated by
intrinsic rather than defect-related material properties) and
thus indicative of high ﬁlm quality. Carrier lifetime is most
often measured by techniques such as time-resolved photoluminescence (TRPL) spectroscopy, which serve as more
convenient and less ambiguous means of assessing material
quality than building and testing a device.
The choice of whether a planar or a mesoporous device
architecture is employed has important bearing on ﬁlm
formation and properties. The planar architecture is typical
of most commercial (not perovskite) solar cell architectures, in
which the device comprises nominally ﬂat layers stacked atop
one another. The mesoporous architecture represents a key
characteristic of dye-sensitized solar cells,86 from which PSCs
were originally derived. For this device architecture, the
perovskite active layer is partially or totally inﬁltrated within
the pores of a layer composed of partially sintered oxide
nanoparticles (scaﬀold). Attaining the advantages of mesoporous substrates (i.e., intimate contact between the perovskite
and the scaﬀold) requires that perovskite inﬁltration into the
pores be at least mostly complete. Thus, mesoporous
substrates tend to be more amenable to solution rather than
vapor-based perovskite ﬁlm deposition. Additional considerations regarding mesoporous substrates include mechanical
anchoring61 and possible shifts in perovskite properties as a
result of conﬁned crystallization (as discussed in sections 3 and
7),87,88 as well as the beneﬁts of disrupting the planarity of the
substrate surface, which may allow ﬁlms with more random
crystallographic texture to be obtained (which may or may not
be desirable, depending on the context).
Solar cell performance is typically characterized by the shortcircuit current density (JSC), the open-circuit voltage (VOC),
and the ﬁll factor (FF), which are then used to calculate the
PCE (η) based on the irradiance I incident upon the cell:
η=

JSC VOCFF
I

(3)

D=

By itself, PCE is not especially useful for revealing the physical
origins of device/ﬁlm performance, but high PCE is
compelling evidence of a high-quality active layer, and it is
more frequently reported than more absorber-speciﬁc metrics
such as photogenerated carrier lifetime measurements. The JSC
can be used to decouple optical and electrical losses, though
these may originate in other device layers (as in the case of
parasitic absorption, wherein layers lying in front of the
absorber prevent some light from reaching it and generating

Af
(4)

NEP

A high detectivity implies a high signal-to-noise ratio and, due
to its high sensitivity to leakage currents, is an unambiguous
sign of a conformal thin ﬁlm with good defect characteristics.36
2.3. Perovskite Thin Film Characteristics

Besides device architecture (or equivalently, the substrate/ﬁlm
conﬁguration for property measurement), further discussion of
ﬁlm deposition relies on an understanding of metrics used to
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evaluate ﬁlm quality. Below are detailed some characteristics
that have signiﬁcant bearing on device performance or
property measurement.
2.3.1. Thin Film Chemical and Phase Compositions.
As discussed in section 2.1, there are numerous perovskite
chemistries, which in turn determine the associated ﬁlm
structure and properties. Unintentional variations in chemistry
can lead to detrimental eﬀects on ﬁlm quality. Dopants and
impurities, while not necessarily aﬀecting the overall structure,
can nevertheless exert signiﬁcant inﬂuence over perovskite
characteristics. For example, minor deviations from the ideal
stoichiometry can induce point defects such as vacancies,
interstitials, or antisite defects that may dope the perovskite,76−79 introduce charge carrier traps,92 or contribute to
hysteresis in current density−voltage characteristics (or J−V
curves).93 Hysteresis is frequently witnessed in perovskite
devices as a diﬀerence in the J−V curves depending on voltage
sweep rate and direction94 and is frequently attributed to
interfacial defects95−97 and/or ion migration.93,98,99 The
strength of the former eﬀect indicates that hysteresis may
largely be inﬂuenced by factors that are not necessarily related
to the bulk properties of the perovskite ﬁlms themselves, but
the persistent inﬂuence of the latter indicates that ﬁlm quality
is still a relevant concern if hysteresis is to be entirely
eliminated from the device. More signiﬁcant deviations from
ideal stoichiometry can also introduce secondary phases, which
may be beneﬁcial, benign, or undesirable depending on their
amount and distribution within the thin ﬁlm. On the other
hand, a compelling advantage of the halide perovskite family is
the wide range of band gaps accessible through compositional
tuning,3−7,100,101 enabling optoelectronic devices to be
optimized for emission or detection from the near-infrared
(IR) to the ultraviolet (UV) and for narrow- and wide-band
gap solar cells to be fabricated for use in tandem PVs. In these
cases, it is crucial that the composition be precisely and reliably
controlled to obtain the targeted band gap.
It is frequently assumed that the initial target perovskite
composition in the precursor feedstock is maintained in the
ﬁnal processed ﬁlms, and very often no further eﬀort to
quantify composition is described. However, unexpected
compositional changes may occur during the various
processing steps. MA halides are particularly volatile, and it
is therefore often desirable to expose the ﬁlms to an
environment rich in these species during any heat treatment
steps in order to compensate for their evolution from the ﬁlm
(e.g., transforming a Pb-halide ﬁlm to perovskite through
annealing in saturated MA-halide vapor, as discussed in section
4.2.3, or subjecting already deposited perovskite ﬁlms to this
treatment, as discussed in section 5.1.4). In addition, certain
additives may form secondary phases within the ﬁlms that can
be diﬃcult to detect, but they may alter the composition of the
absorber slightly by preferentially binding to selected chemical
perovskite components (e.g., KI, which is discussed in further
detail in section 6.2.1.3). Thus, a need exists to ensure the
chemical compositions of the ﬁnal perovskite ﬁlms and to use
techniques that compensate for elemental losses.
The reactivity of halide perovskites can be an especially
important consideration in the context of ﬁlm formation (as
well as long-term thin ﬁlm degradation). The stability of
MAPbI3 with respect to decomposition into its component
binary halides rests on a thermodynamic “knife-edge,” with the
formation enthalpy favoring decomposition102 but the overall
Gibbs free energy (barely) favoring the perovskite due to a

stabilizing entropic contribution.103,104 This precarious position is an important factor underlying halide perovskite ﬁlm
formation and underscores the ease with which such ﬁlms may
be either assembled or decomposed. Interactions between
solvents and the organic cation, such as prospective conversion
of methylammonium to dimethylammonium by interaction
with the common solvent N,N-dimethylformamide (DMF),
can also lead to unexpected compositional changes of the thin
ﬁlm and possible deterioration of its optoelectronic properties.105,106 Redox chemistry of Pb can be troublesome
regardless of whether the perovskite is organic−inorganic or
fully inorganic. Zhao et al.107 have observed that MAPbI3,
CsPbI3, and CsPbBr3 react spontaneously with metals such as
Al, Cr, Ag, and Yb, even in the absence of moisture, light, and
oxygen, leading to oxidation of the foreign metal and reduction
of Pb2+ to Pb0, degrading the ﬁlms without participation or loss
of the organic (or other inorganic) cation or the halide anion.
Thus, it should be emphasized that no aspect of the chemistry
of the systems employed in the fabrication of halide perovskite
ﬁlms can be taken for granted, as unseen or subtle eﬀects can
potentially have a large impact on the composition and
properties of the ﬁnal ﬁlm.
Phase purity in perovskite ﬁlms is also important. Nonperovskite secondary phases can be inclusions (dispersed over
various length scales) and/or reside at grain boundaries/
interfaces. For the prototypical MAPbI3 perovskite, the most
commonly encountered secondary phase is PbI2, which can
result from incomplete transformation of the precursors or
decomposition of the ﬁlm, and it is usually readily visible in Xray diﬀraction (XRD) patterns or scanning electron microscopy (SEM) images. In the proper amounts, PbI2 is frequently
invoked as a beneﬁcial inclusion that can passivate interfaces
and/or grain boundaries (as discussed further in section
6.1.1).108,109 In fact, PbI2 is itself a PV material that may be
able to contribute to the photogenerated carrier population in
MAPbI3 thin ﬁlms,110 possibly partially mitigating disadvantages resulting from its presence. Nevertheless, excessive
amounts of PbI2 can impede carrier transport, and its presence
should be carefully controlled to ensure optimal ﬁlm quality.
Other perovskite systems, notably FAPbI3111,112 and
CsPbI3,113,114 are thermodynamically unstable at room
temperature relative to nonperovskite phases that have the
same chemical composition but diﬀerent crystal structure and
inferior optoelectronic properties (strategies to obtain phasepure perovskite ﬁlms of these compositions are discussed in
section 6.2.1). At best, inclusions of nonperovskite phases
might reduce performance by acting as “dead spots” in the thin
ﬁlm, but they may also serve as seed crystals for transformation
of the perovskite to the nonperovskite phase. While these
issues can be circumvented by blending with other perovskite
compositions [e.g., FA 1− x Cs x PbI 3 , 1 1 5 FA 1− x MA x Pb(I1−xBrx)3,116 CsPb(I1−xBrx)3117], increasing the chemical
complexity of these systems also increases the combinatorial
availability of other secondary phases that may have potentially
detrimental eﬀects on ﬁlm quality. Alternatively, such blended
compositions can potentially phase segregate into perovskites
with diﬀerent compositions and properties, as in the case of
systems based on mixtures of I− and Br− (as discussed in more
detail in section 6.2.3.1)118 or in the case of higher-n
Ruddlesden−Popper layered perovskite ﬁlms (as noted in
section 2.1 and discussed in more detail in section 6.4.1).31 It
is, therefore, important to ensure that secondary phases are at
least controlled, if not entirely eliminated, to ensure that the
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Figure 5. Eﬀects of grain boundaries on electronic properties. (A) Topographical (colored) and photoconductive (grayscale) AFM maps of a
MAPbI3 ﬁlm surface, displaying heterogeneity in current collection between diﬀerent grains, as well as at grain boundaries. Reprinted with
permission from ref 127. Copyright 2018 AIP Publishing. (B) Topographical AFM and KPFM maps of contact potential diﬀerence (CPD) on
MAPbI3 ﬁlms, displaying electrical response of the grain boundaries under illumination. Adapted from ref 135. Copyright 2015 American Chemical
Society. (C) SEM and (D) composite SEM/ﬂuorescence microscopy images of a MAPbI3−xClx thin ﬁlm, displaying heterogeneous luminescence of
the interior grain surfaces as well as reduced luminescence at grain boundaries. Reprinted with permission from ref 136. Copyright 2015 AAAS.

perovskite ﬁlm is free of “dead spots,” obstacles to carrier
transport, local property variations and “carrier sinks,” or other
discontinuities that might adversely aﬀect device performance
or accurate property measurement (note that, in some cases,
carefully staged progressions of phase mixtures may be tailored
to potentially boost device performance).31
2.3.2. Thin Film Morphologies and Microstructures.
2.3.2.1. Basic Morphological Aspects. One crucial aspect of
perovskite ﬁlm morphology/microstructure relates to whether
it fully covers the substrate, with minimal pinholes, bare spots,
or surface roughness. For devices, this condition allows for (i)
maximizing device active area, (ii) eliminating shunt paths
through which leakage current might ﬂow, and (iii) enabling
conformal deposition of overlying device layers. Generally,
such well-covered ﬁlms can be obtained by emphasizing dense
and uniform nucleation of the perovskite grains and avoiding
rapid consumption of the available precursors that leads to the
formation of large but poorly connected crystallites (as
discussed in more detail in sections 3 and 4).
It is also generally considered desirable for most perovskite
active layers to have large grains in order to facilitate carrier
motion, which might be blocked by grain boundaries.119 In the
context of high-performance PSCs and photodetectors, it is
important for the grains to extend across the full ﬁlm thickness,
as horizontal grain boundaries may impede carrier transport

and extraction, while vertical grain boundaries are less likely to
adversely impact these processes. Postdeposition treatments,
generally with the goal of increasing grain size, are discussed in
more detail in section 5. Large grain size is not a universal
requirement, however. As mentioned earlier, LED active layers
generally beneﬁt from ﬁne grain structure, since small grain
size can help to spatially conﬁne electron−hole pairs and
enhance radiative recombination.30,32 There is even some
debate as to whether large grains are necessary for eﬃcient PV
conversion, as previous computational modeling has shown
that defects at grain boundaries in MAPbI3 are relatively
benign,14 and indeed high-performance PSCs with very large
FF have been demonstrated despite the absorbers having small
grains.120,121 It is, however, worth noting that grain boundaries
can possess undesirable characteristics that are independent of
their intrinsic electronic properties. Grain boundaries may
serve as “highways” for the detrimental transport of ions and
environmental species (oxygen, moisture),93,122,123 and
mechanical integrity can be reduced in perovskite ﬁlms that
have small grain size.124,125 Thus, a high grain boundary
density can be associated with reduced thin ﬁlm stability in
addition to compromised performance. Regardless of whether
the grains are large or small, however, it is generally essential
for all device active layers to have a highly compact and dense
3200

DOI: 10.1021/acs.chemrev.8b00318
Chem. Rev. 2019, 119, 3193−3295

Chemical Reviews

Review

boundaries can be on par with or even exceed those observed
at the ﬁlm surfaces or in the grain interiors.137 Ciesielski et
al. 119 have observed that such enhancement of the
luminescence at grain boundaries may originate from carrier
blocking, causing carriers to pile up near them, where the local
enhancement in carrier density enhances the radiative
recombination rate. This observation implies not only a
benign defect nature of the grain boundaries (presumably a
beneﬁcial eﬀect) but that carriers might be prevented from
crossing them (presumably detrimental). Such reports,
however, frequently overlook the complexities of grain
boundary characteristics, with diﬀerent types of boundaries
possibly giving rise to very diﬀerent carrier transport or
recombination dynamics. A notable exception is a study by
Jiang and Zhang,127 who have deduced from photoconductive
AFM measurements that boundaries between grains of similar
photocurrent-generating capacity often display enhanced PV
performance relative to the grain interiors, while the PV
behavior of boundaries separating dissimilar grains is
intermediate between that of the adjacent grain interiors
(Figure 5A). They propose that diﬀerences in the photocurrent
obtained from diﬀerent classes of grains may pertain to
crystallographic orientation, with XRD and electron backscatter diﬀraction (EBSD) measurements suggesting that these
classes of grains may be associated with tet(310), tet(110), and
tet(202) orientations, though no eﬀort was made to connect
speciﬁc orientations with levels of PV performance.127 This
study also points to a key challenge posed by the soft nature of
perovskites with respect to the determination of crystallographic orientation of individual grains and other ﬁne-level
microstructural features in halide perovskites. That is,
techniques that are ordinarily used to examine crystal structure
on the atomic scale that rely on electron diﬀraction [e.g., EBSD
in an SEM or selected-area electron diﬀraction (SAED) in
transmission electron microscopy (TEM)] can also easily
damage the sample, inhibiting high-resolution diﬀraction
patterns from being obtained. There is, therefore, a need for
the development of techniques that can provide the same
information via gentler probing methods, which could beneﬁt
research into halide perovskites as well as other classes of soft
crystalline materials.
It should also be noted that a universal disadvantage of grain
boundaries is that they facilitate the ingress of atmospheric or
other adventitious species that can degrade the perovskite (as
well as egress of decomposition products, eﬃcient removal of
which may accelerate degradation). Emphasis on large grain
size can therefore avoid such problems in addition to possible
detrimental eﬀects on ﬁlm electronic properties. For example,
using a MACl/methylamine gas-assisted deposition (such
techniques are further explored in section 5.2), Ji et al.138
obtained MAPbI3 ﬁlms with considerably larger apparent grain
size than reference ﬁlms prepared without the above additives.
(Note that estimation of grain size from SEM or AFM images
can be misleading as discussed further in section 3.4; thus, we
will employ the more conservative term “apparent grain size”
throughout the text when these techniques are used.) The
large-grain ﬁlms, as well as PSCs fabricated using them,
displayed considerably higher resistance to degradation than
the small-grain ﬁlms, illustrating the beneﬁts of large grain size.
Degradation induced by the presence of grain boundaries can
also be avoided by packing them with a moisture-repelling
material. For example, Zong et al.139 recently used a
hydrophilic−hydrophobic−hydrophilic triblock polymer, Plur-

microstructure consisting of close-packed grains free of
pinholes or other voids.
2.3.2.2. Crystallographic Orientation. While average grain
size is the most commonly used metric in specifying
microstructural defects in perovskites, a polycrystalline thin
ﬁlm has rich characteristics, such as grain size distribution,
grain shape, and crystallographic orientation/texture, all of
which have varying degrees of eﬀect on the ﬁlm properties. In
the context of the 3D perovskites, there is evidence that
favoring certain grain crystallographic orientations may be at
least as important for PV as grain size.126 Photoconductive
atomic force microscopy (AFM) indicates that certain types of
grains allow much more eﬃcient photocurrent collection than
others (Figure 5A)127,128 and that the “highest-performing”
grains may make up a relatively small fraction of the entire
ﬁlm.128 Diﬀerent grain facets have also shown diﬀerent levels
of eﬀectiveness in their PV parameters, as measured by
photoconductive AFM, leading to subgranular variation in
local carrier collection.129 In MAPbI3 ﬁlms, a preferred (110)
grain orientation (for the room-temperature tetragonal phase,
hereafter denoted “tet(110)”) is often associated with
enhanced PV performance130 and may be induced by the
presence of Cl (as discussed in more detail in section
6.1.3).131,132 While some have proposed that Cl mediates
bonding of the perovskite to TiO2 (a commonly used ETL in
PSCs),133,134 preferred tet(110) orientation in the presence of
Cl has been observed on other substrates and may indicate that
the tet(110) facets are intrinsically the most stable and that Cl
simply aids their growth.132
In general, for devices based on 3D perovskite thin ﬁlms, it is
unclear to what extent performance and ﬁlm properties are
controlled by qualities that are intrinsic to the orientation of
the grains as opposed to how those orientations interact with
other device layers. The eﬀect of crystallographic orientation is
much more evident in layered perovskites (e.g., 2D or
Ruddlesden−Popper) thin ﬁlms, however. As noted in section
2.1, the pronounced anisotropy of the crystal structure results
in anisotropy of the carrier mobility, wherein transport is easy
along the planes of corner-sharing metal halide octahedra but
not across them. It is thus imperative to ensure that the
orientations of layered perovskite ﬁlms relative to the substrate
are optimized according to the requirements of the speciﬁc
application (i.e., parallel for transistors, where in-plane
transport is needed, and perpendicular for solar cells and
LEDs, where cross-plane transport is most important). Film
deposition strategies aimed at controlling layer orientation are
discussed in detail in section 6.4.
2.3.2.3. Grain Boundaries. The grain boundaries themselves
are also a source of rich complexity. There is no general
agreement on the overall impact of grain boundaries, perhaps
because their nature is highly sensitive to the preparation and
chemistry of the perovskite ﬁlm. Some researchers have
suggested, based on Kelvin probe force microscopy (KPFM)
and conductive AFM results, that grain boundaries in MAPbI3
can play a role in determining the potential distribution within
the ﬁlm and separating and collecting photogenerated
electron−hole pairs, thus reducing the likelihood of recombination (Figure 5B).127,135 It has also been observed, based on
reduction of luminescence at grain boundaries relative to the
grain interior, that grain boundaries may be sources of harmful
trap states that should be avoided (Figure 5, panels C and
D).136 Others contend that although the luminescence may be
reduced there, SRH recombination lifetimes at grain
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Figure 6. (A) Bright-ﬁeld TEM images of MAPbI3 thin ﬁlms, with some grains displaying striped contrast (circled regions) characteristic of twin
domains at room temperature; (B) the same ﬁlm after in situ heating to 70 °C (above the tetragonal-to-cubic phase transition), in which the
contrast has been erased; (C) the same ﬁlm after cooling back to room temperature, in which the twin domains have reappeared. In (A−C), the
same grain is identiﬁed with a blue dot and the scale bar is 500 nm. Reprinted from ref 141 under CC BY 4.0 (license information available at
https://creativecommons.org/licenses/by/4.0/). (D) HRTEM image of coexistence of tetragonal and cubic regions within a single grain in a
MAPbI3 thin ﬁlm, with phase contrast qualitatively evident by diﬀerences in the lattice fringes as well as in SAED patterns corresponding to (E)
tetragonal and (F) cubic lattices; (G) schematic and HRTEM image of the interface between MAPbI3 and TiO2, indicating tetragonal-cubic
superlattice formation near the border between these materials that may help to accommodate strain through lattice matching. Reprinted with
permission from ref 142. Copyright 2018 Wiley-VCH.

onic P-123, to protect grain boundaries in MAPbI3 thin ﬁlms.
The hydrophilic poly(ethylene oxide) ends of the polymer
tether to adjacent perovskite grains, while the hydrophobic
poly(propylene oxide) in the center of the polymer resists
attack by moisture. The P-123-protected perovskite was
considerably more stable than pristine MAPbI3 under exposure
to moisture (70% relative humidity), heat (100 °C), and
AM1.5G illumination, demonstrating the importance of
protecting the grain boundaries.
2.3.2.4. Intragranular Defects. Beyond grain boundaries,
other crystal defects should also be considered, such as domain
boundaries, stacking faults, dislocations, and twin planes. As
with grain boundaries, the implications of many such defects in
halide perovskites remain poorly understood. Even basic
descriptions of such defects are seldom encountered in the
literature, perhaps because the soft nature of the perovskites
implies that detailed inspection of these features entails
signiﬁcant risk of destroying them, as noted above. Kutes et
al.128 provided some evidence for a connection between

possible dislocations or other intragrain linear or planar defects
and local electrical properties, but fundamental understanding
of these relationships is not available. Hermes et al.140
observed the formation of striated domains in piezoresponse
force microscopy (PFM) maps of MAPbI3 ﬁlms and proposed
that this material is ferroelastic, forming periodic twin domains
to compensate for strain induced by the cubic-to-tetragonal
phase transition that occurs when the perovskite is cooled after
annealing. Rothmann et al.141 observed similar subgranular
features using low-dose TEM images (Figure 6A), which could
unambiguously be assigned to twin domains formed along
(112) mirror planes. The domains could be erased and
regenerated by respectively raising or lowering the sample
temperature through the tetragonal-to-cubic phase transition at
57 °C (Figure 6B,C), suggesting that twinning does indeed
arise as a consequence of strain associated with that transition.
Kim et al.142 have also observed from high-resolution TEM
(HRTEM) images and SAED patterns, in addition to twin
structures, that although the tetragonal rather than the cubic
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Figure 7. Schematic illustrations of classical: (A) homogeneous and heterogeneous nucleation during supersaturation of a thin ﬁlm of a solution;
(B) free energy change (ΔG), sum of surface (ΔGS), and volume (ΔGV) free energy changes, as a function of nucleus radius (r) for homogeneous
nucleation (inset: heterogeneous nucleation); (C) normalized nucleation rate (I/I0) as a function of supersaturation ratio (S) for homogeneous and
heterogeneous nucleation; and (D) nucleation and growth rates as a function of temperature (dashed lines represent the two competing eﬀects,
number of stable nuclei and frequency of “monomer” attachment, that govern the nucleation rate). Adapted from ref 143. Copyright 2015
American Chemical Society.

phase of MAPbI3 is stable at room temperature, both phases
can coexist in MAPbI3 thin ﬁlms prepared by a variety of
diﬀerent methods (Figure 6, panels D−F). Moreover, these
phases can organize themselves into regular superlattices of
alternating cubic and tetragonal domains. Observations of
these structures near the interface with substrate materials
(e.g., TiO2) indicate that such superlattices may form
spontaneously to accommodate interfacial strain, possibly
improving the quality of adhesion to the substrate (Figure
6G).142 The implications of intragranular defects on perovskite
thin ﬁlm properties are opaque in general, however, and further
study is needed to clarify this aspect of microstructure.
While there is much that remains obscure regarding the
nature of many of the halide perovskite defects, the forgiving
nature of these materials has permitted device performance
benchmarks to rapidly advance despite this lack of knowledge.
Much of the recent research regarding perovskite ﬁlm
microstructure has focused on more elementary considerations
such as obtaining conformal coverage or stabilizing a desired
perovskite phase. However, it is expected that continued
improvements in ﬁlm quality and device performance may be
contingent on understanding and controlling the subtler
aspects of the perovskite ﬁlm defect structure (as noted in
this section), as well as on gaining a deeper knowledge of the
underlying ﬁlm growth mechanisms, as detailed in the next
section.

“two-step,” the speciﬁc mechanics of which are described in
detail in section 4. Here we refer to the processes occurring in
the one-step and two-step methods as “simultaneous” and
“sequential” growth from precursors, respectively, and they
form the basis of the structure of this section on perovskite
growth mechanisms. Simultaneous growth generally occurs in
myriad techniques involving evolution of crystalline perovskite
thin ﬁlms from solution or vapor precursors that contain a
nominally uniform mixture of all chemical ingredients.
Sequential processes occur in all the other techniques that
entail the spatially and/or temporally distinct introduction/
reaction of precursors (solid, liquid, and vapor), which
ultimately react to form crystalline perovskite ﬁlms.
The growth of the ﬁnal crystalline perovskite ﬁlm involves a
series of generally poorly understood and complex processes,
which depend on several processing variables and the speciﬁc
system under consideration. Therefore, general theories that
describe these complex processes do not exist. However,
classical theories can be invoked to describe the most basic of
the processes. These descriptions can serve as a foundation to
build upon as further complexities are added with the
expansion of our understanding of perovskite growth
mechanisms. The ultimate goal is to have deterministic control
over the growth processes for the reliable deposition of
perovskite ﬁlms with consistent high quality and desired
structure/properties (as discussed, for example, in section 2.3).

3. PEROVSKITE GROWTH MECHANISMS
The synthesis/processing of halide perovskite ﬁlms can be
broadly classiﬁed into two types of methods, “one-step” and

3.1. Simultaneous Growth from Precursors (“One-Step”)

3.1.1. Theory of Classical Nucleation and Growth.
3.1.1.1. Nucleation. Nucleation is the most important initial
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Figure 8. LaMer diagram for (A) homogeneous and (B) heterogeneous formation of particles from solution. Here, CS is the equilibrium solubility
limit, CSS is the supersaturation limit at which nuclei begin to form, coincident with time t1, while t2 is the time at which the concentration falls
below CSS as a result of depletion of “nutrients,” curtailing further nucleation. CsMax is the critical limiting supersaturation (i.e., the concentration at
which the nucleation rate approaches inﬁnity).157 (A) Adapted from ref 157. Copyright 1950 American Chemical Society. (B) Republished with
permission from ref 158. Copyright 2013 Royal Society of Chemistry.

phenomenon in thin ﬁlm formation, dictating the nature of the
subsequent growth processes and, ultimately, the characteristics of the ﬁnal product. As such, it is very important to
understand nucleation behavior so that it can be controlled and
programmed. In reality, there can be signiﬁcant temporal
overlap between the occurrence of the nucleation and growth
processes, but they are treated separately here for the sake of
convenience. In the case of one-step deposition methods,
typically a precursor solution containing all the components of
the perovskite is deposited on a substrate as a ﬁlm, or the
precursors are simultaneously evaporated and collect on a
substrate. Various methods are used to accomplish this
process, which are described in detail in section 4. Here,
consider a generic precursor-solution ﬁlm deposited onto a
substrate (Figure 7A).143 Removal of any of the solvent will
cause the concentration of the precursor solution in the ﬁlm to
increase, driving it toward (or beyond) saturation. There are
several ways the solvent can be removed, but evaporation due
to isothermal heating is perhaps the most commonly used
method.143−146 Note that an increase in temperature can also
aﬀect the solubility, which can increase or decrease depending
on the speciﬁc system. Certain perovskite systems, such as
MAPbI3 in γ-butyrolactone (GBL) or MAPbBr3 in DMF,
exhibit inverse solubility, wherein solubility decreases with an
increase in temperature.147 The solvent can also be removed
by other methods, such as by using an antisolvent (or
orthogonal solvent) or jet of compressed gas to extract the
precursor solvent at or near room-temperature (such
techniques are discussed in sections 4.1.2−4.1.4).143,148−150
In classical nucleation, the saturation of the precursor
typically results in the appearance of molecules of the
nucleating phase (also referred to as “monomers” and can be
atoms, ions, molecules, or formula-units),151 which can cluster
together into single-crystal nuclei. These nuclei will appear at
the substrate/precursor-solution interface and/or within the
precursor solution (Figure 7A), referred to as heterogeneous
and homogeneous nucleation, respectively. Heterogeneous
nucleation can also occur at the interface between preexisting
colloidal particles (if present) and the precursor solution (or at
the top surface of the precursor solution; however, this case is
not considered here as it is expected to be less common,

although Chen et al.152 have recently suggested that topsurface nucleation may be key to understanding crystallization
behavior of Ruddlesden−Popper phases). In the case of
homogeneous nucleation, the total free-energy change ΔG as a
function of nucleus (spherical) radius, r, is given by153
ΔG(r ) = −V ΔG V + AγCL

(5)

where V is the volume of the nucleus, A is its area, ΔGV is the
volume free energy change, and γCL is the energy associated
with the interface between the liquid (L) and the crystalline
(C) nucleus. Speciﬁcally,153
ij 4πr 3 yz
zRT ln(S) + 4πr 2γ
ΔG(r ) = jjj−
CL
j 3V zzz
M
k
{

(6)

where VM is the molar volume of the nucleus, R is the gas
constant, T is absolute temperature, and S = C/CS is the
saturation ratio, where C is the solute concentration in the
precursor solution and CS is the equilibrium solubility limit.
The free energy change ΔG is the sum of the free energy
change (positive) associated with the creation of a unit area of
new nucleus/precursor−solution interface and the free energy
change (negative) associated with the conversion of a unit
volume of precursor solution to crystalline nucleus. Eq 6 is
plotted schematically in Figure 7B, where the maximum
(ΔG*Hom) in ΔG occurs at the critical nucleus radius (r*);
nuclei with radii r < r* dissolve back into the precursor
solution, while nuclei with radii r > r* are thermodynamically
stable and they will grow.143 At constant temperature, r* ∝ 1/
ln(S).143 Nucleation is considered heterogeneous when nuclei
form on foreign surfaces (e.g., substrate or colloidal particles),
where the energy barrier, ΔG*Het, is reduced signiﬁcantly
through eﬀective reduction of the interface energy, γ × f(θ),
where 0 < f(θ) < 1 (Figure 7B, inset).154 The parameter f(θ) is
given by143,154
f (θ ) =

1
(2 + cos θ )(1 − cos θ )2
4

(7)

where θ is the contact angle in the Young equation:143,155
3204

DOI: 10.1021/acs.chemrev.8b00318
Chem. Rev. 2019, 119, 3193−3295

Chemical Reviews
cos θ =

Review

γSL − γSC
γCL

heterogeneous nucleation occurring at C ≪ CSS (Figure 8),158
provided r > r*. In the case of thin ﬁlm nucleation, secondary
heterogeneous nucleation on colloidal particles is also possible,
where these nuclei can settle on the substrate and get
incorporated into the thin ﬁlm during the subsequent growth
process. There is also a well-known “nucleation-free” growth
mechanism called spinodal decomposition, where rapid,
spontaneous (no energy barrier) unmixing of two distinct
thermodynamically stable phases can occur under certain
conditions.160,161 Spinodal decomposition occurs in some
metal alloys, ceramics, and glasses,160,161 but it may not be
important in the solution-processing of perovskite thin
ﬁlms.143
For the controlled growth of uniform, full-coverage solidstate ﬁlms from solution precursors, it is generally necessary to
have heterogeneous nuclei on the substrate, rather than
heterogeneous nucleation on colloidal particles or homogeneous nucleation, which can result in incomplete ﬁlm
coverage.143,162−164 Also, considering that the amount of
perovskite “nutrients” in the precursor ﬁlm is ﬁnite, it is
desirable to have a high density of the heterogeneous nuclei on
the substrate to result in uniform, full-coverage thin ﬁlms.
However, the resulting ﬁlms are likely to be ﬁne-grained,
requiring further grain-growth treatments (discussed in
sections 3.4 and 5). Otherwise, a low nuclei density will result
in the growth (laterally and vertically, as discussed in the
following section) of the limited number of nuclei into islands
that may never coalesce as the “nutrients” in the precursor ﬁlm
are exhausted. Such discontinuous morphologies are generally
disadvantageous in the context of thin ﬁlm (opto)electronic
devices, as adjacent layers may contact each other through the
bare spots, causing unwanted leakage currents. Figure 9
(panels A and B) illustrates the low and high nuclei-density
situations, respectively, in one-step growth of MAPbI 3
perovskite thin ﬁlms. Since the subsequent microstructural
evolution of these perovskite ﬁlms, and the performance of the
resulting PSC (or other devices), depends on nucleation, it is
important to be able to control this process deterministically.143 Thus, basic scientiﬁc understanding of perovskite
nucleation is necessary because the ease and simplicity of onestep methods are attractive in the context of commercial
manufacturing of PSCs and other devices (as discussed further
in section 4).143
While this classical theory can capture the nucleation
phenomenon in the simplest of systems, such as nucleation
of water droplets from vapor,166 the nucleation of crystalline
perovskite from a precursor solution is much more
complicated, the realm of so-called “non-classical” nucleation
(Figure 10).151 This behavior arises because there are multiple
ions in perovskite,167 and the polar aprotic solvents used are
much more complex,168 resulting in a variety of interactions
within the precursor solution during saturation. Furthermore,
various additives are often incorporated into the precursor
solution to obtain full-coverage perovskite thin ﬁlms.169 Thus,
precursor saturation generally results in the formation of
intermediate entities other than perovskite crystalline nuclei,
such as clusters of intermediate solid phase (adducts,
complexes) that can be amorphous or crystalline, comprising
both perovskite and solvent ingredients (discussed in more
detail in section 3.1.2.1, as well as sections 4.1.1−4.1.4 and 4.2,
and section 6.1).168 There is debate whether these clusters can
be treated as prenuclei, which transform into crystalline
perovskite nuclei.168 There is also evidence for the formation

(8)

with γSL and γSC being the surface energies associated with the
substrate (S)−liquid (L) and the substrate (S)−crystalline (C)
nucleus interfaces, respectively. In contrast to homogeneous
nucleation, heterogeneous nucleation sites are limited by the
available areas of the substrate and the colloidal particles
within the precursor solution (or, as discussed above, the
overlying liquid−gas interface).143
The rate of nucleation (in units of # m−3 s−1) is given by
classical nucleation theory:143,153,154
i −Q D yz ij −ΔG* yz
zz
I ∝ expjjjj
zzzexpjjj
z
RT
RT
k
{ k
{

(9)

where I = IHom for ΔG* = ΔG*Hom (f(θ) = 1) and I = IHet for
ΔG* = ΔG*Het (0 < f(θ) < 1), and QD is the activation energy
for the transport of “monomers” to the nucleus/solution
interface. Figure 7C (at constant T) plots eq 9, showing the
ease of nucleation at low supersaturation (S) and the
importance of homogeneous nucleation at high S.143,156 In
the case of heterogeneous nucleation, the normalized
nucleation rate is high at lower S because the energy barrier
is lower, but it plateaus at high S because of the limitation on
the available nucleation sites.143 Typically both types of
nucleation phenomena likely take place in perovskite ﬁlm
formation, with heterogeneous nucleation dominating at low S
and homogeneous nucleation dominating at high S.143
At constant S, the ﬁrst exponential term in eq 9 increases
with increasing temperature, while the second exponential
term decreases, as illustrated schematically in Figure 7D.143,156
The net result is that the overall nucleation rate goes through a
maximum as a function of temperature.143 At low temperatures, despite the high thermodynamic driving force for
nucleation, diﬀusion is slow and limits the overall nucleation
rate.143 In contrast, at high temperatures, the driving force for
nucleation is low but diﬀusion is rapid. Thus, the maximum
nucleation rate occurs at an intermediate temperature, as
illustrated schematically in Figure 7D.143
It is also important for the size distribution of the nuclei to
be narrow to ensure uniformity of the ﬁnal thin ﬁlm
microstructures. Here, we invoke the LaMer diagram (Figure
8), which is often used to qualitatively describe the kinetics of
classical homogeneous nucleation in the context of precipitation of monodispersed crystalline nanoparticles from a
solution.157 In this description, nucleation is considered as a
reaction, with solvated “monomers” in solution as the reactant
and solid-state crystalline nuclei as the product. This diagram
plots the “monomer” concentration in solution as a function of
reaction time. The concentration (C) increases linearly with
time during saturation until a supersaturation limit (CSS) is
reached, resulting in homogeneous nucleation (r > r*). The
depletion of “monomers” due to nucleus formation results in a
decrease in C, causing it to fall below CSS and suppressing
further nucleation. To achieve a high density of uniform-sized
nuclei, the time interval (t2−t1) should be as short as possible
to ensure a single, rapid “burst” of nucleation, typically
achieved through rapid saturation.159 The right-hand portion
of the diagram pertains to growth of the nuclei, which is
discussed in section 3.1.1.2. While the LaMer diagram is
strictly intended to describe homogeneous nucleation, this
concept can be applied to heterogeneous nucleation, with
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3.1.1.2. Growth. Stable nuclei will grow in order to reduce
the overall free energy as long as the solute concentration is
above the solubility limit (Cs). Note that new stable nuclei will
continue to nucleate as the existing nuclei are growing. There
are three major classical mechanisms by which nuclei growth
can occur:172 (i) island growth (Volmer−Weber; Figure 11A),

Figure 9. SEM micrographs (top surface) of MAPbI3 thin ﬁlms
processed with (A) low nucleation density (from GBL solvent)
(Reprinted with permission from ref 165. Copyright 2013 Macmillan
Publishers Ltd.: Nature) and (B) high nucleation density conditions
(Republished with permission ref 150. Copyright Royal Society of
Chemistry). In (A), the star- and circle-shaped features are MAPbI3,
while the darker background is the ﬂuorine-doped tin oxide (FTO)
substrate; in (B), the MAPbI3 ﬁlm completely covers the substrate.

Figure 11. Schematic illustration of the three major growth
mechanisms: (A) island growth (Volmer−Weber), (B) layer growth
(Frank-van der Merwe), and (C) layer-island growth (StranskiKrastanov).

(ii) layer growth (Frank-van der Merwe; Figure 11B), and (iii)
layer-island growth (Stranski-Krastanov; Figure 11C). In the
island growth mechanism, the nuclei grow both vertically and
laterally via attachment of “monomers.” In this case, bonding
between the “monomers” of the growing phase is much
stronger than that between the “monomers” and the substrate
surface. Eventually, the islands coalesce to form a dense
polycrystalline thin ﬁlm provided there are suﬃcient
“nutrients” in the precursor ﬁlm. Layer growth typically occurs
in epitaxial systems, where bonding between the “monomers”
and the substrate is much stronger. Layer-island growth can
also occur in epitaxial systems but in cases where the bonding
between the monomers and the substrate may not be as strong.
The island growth mechanism (Volmer−Weber) is most likely
to be pertinent to perovskite thin ﬁlms, as it generally does not
require or involve epitaxy (exceptions are discussed in section
7.1.3).173
The rate-limiting step in the island growth process can be172
(i) diﬀusion of the “monomers” toward the nucleus or (ii)
attachment of new material to the surface of the crystalline
nucleus by interface reaction. In the case of diﬀusioncontrolled growth, the rate is given by159

Figure 10. Pathways to nucleation/crystallization by classical
“monomer” and nonclassical particle (multi-ion complexes to fully
formed nanocrystals) attachment. Reprinted with permission from ref
151. Copyright 2015 AAAS.

2DVM(C∞ − C)
dr
=
dt
r

of solid intermediate-phase ﬁlms (amorphous and/or crystalline) rather than isolated clusters in some cases.27,148,170 The
perovskite crystalline nuclei then form on or within the
intermediate-phase ﬁlms. It is also possible that several
diﬀerent precursor phases may nucleate simultaneously,
forming a heterogeneous ﬁlm composed of distinct solid
phases that blend together only afterward when annealed.171
Once again, all these mechanisms are highly dependent on the
speciﬁc system and conditions, precluding any generalizations
and warranting further study.

(10)

where C is the solute concentration at the nuclei surface, C∞ is
the solute concentration far from the nuclei (C∞ > CS), and D
is the diﬀusivity for the solute diﬀusing through the solution,
given by159
i −Q D zy
zz
D = DO expjjjj
z
k RT {

(11)

where DO is a temperature-independent pre-exponential term
and QD is from eq 9. For “simultaneous” approaches of
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purity, full substrate coverage, lack of pinholes, smooth ﬁlm
surface, perfect interface with the substrate, large grain size,
and tailored grain boundaries. In order to accomplish high ﬁlm
quality, researchers have several variables at their disposal,
including solvents, additives, treatments (e.g., antisolvent, as
discussed in sections 4.1.2 and 4.1.4), processing conditions
(e.g., temperature, time, atmosphere, as discussed in sections 5
and 6.3.1), and external ﬁelds (e.g., electrical, magnetic, light,
as discussed in section 3.5).
Regarding the solvent, Table 1 lists typical polar aprotic
solvents used for the solution processing of perovskites, along

perovskite solution processing, it is unlikely that the growth is
limited by diﬀusion, considering the ready availability of the
“monomers” at the solution/crystal interface. Instead, it is most
likely to be controlled by the rate of interface-reaction
attachment. There are two types of interface-reaction
controlled growth mechanisms:159 (i) mononuclear and (ii)
polynuclear. In the former, island growth occurs by
“monomer” layer-by-layer deposition on the crystal, resulting
in faceted grains at the surface.159 In the latter, island growth
occurs by the deposition of multiple “monomer” layers,
resulting in rounded grains. 159 Both types of grain
morphologies are observed in perovskite thin ﬁlms, indicating
that the operative mechanism depends on the speciﬁc process
and system. Mononuclear growth rate depends on the area of
the nucleus/grain:159
dr
= K1r 2
dt

Table 1. Commonly Used Aprotic Solvents [Dimethyl
Sulfoxide (DMSO), Dimethylformamide (DMF), n-Methyl
Pyrrolidone (NMP), γ-Butyrolactone (GBL), Acetonitrile
(ACN)] in the Solution-Processing of Perovskite Thin
Films and Their Enthalpy of Solvation (Pb2+) along with
Calculated Mayer Bond Order (MBO)168

(12)

whereas polynuclear growth rate is independent of the
nucleus/grain size:159
dr
= K2
dt

(13)

with K1 and K2 being rate constants. Once again, the growing
islands will eventually coalesce to result in dense, polycrystalline thin ﬁlms provided there are suﬃcient “nutrients” in the
precursor solution ﬁlm.
The overall growth kinetics in terms of amount (fraction) of
solid formed, y, can also be modeled using the Johnson−
Mehl−Avrami−Kolmogorov (JMAK) equation:
ÑÉ
ÅÄÅ
Å π i dr y3 ÑÑ
y = 1 − expÅÅÅÅ I jjj zzz t 4 ÑÑÑÑ
ÅÅÅ 3 k dt { ÑÑÑ
(14)
Ö
Ç

ΔHsolv:Pb2+ (kcal mol−1)

MBO

DMSO
DMF
NMP
GBL
ACN

−412
−403
−401
−384
−374

1.50
1.88
1.90
1.99
3.03

with their enthalpy of solvation (Pb2+) and Mayer Bond Order
(MBO). The latter is a good measure of the eﬀectiveness of
the solvent in solubilizing Pb-containing perovskites, where the
eﬀectiveness is inversely proportional to the MBO value.168
Generally, the solvents dissolve the inorganic PbI2 salt, where a
strong coordination bond forms between the O-donor ligands
in the solvent and the Pb atoms.177 The organic halide
precursor (MAI) dissolves more readily in the solvent, and it
can coordinate to the Pb atoms. But, for example, GBL appears
to be diﬀerent because it dissolves PbI2 only in the presence of
MAI in the solution. Regardless, these precursor solutions are
not necessarily considered to be “true” solutions, as they can
contain clusters or colloidal particles.162 Various additives are
also introduced to the precursor solutions for achieving the
desired perovskite thin ﬁlms and are discussed in detail in
section 6. Considering the staggering number of variables and
the acute system-speciﬁcity, the growth mechanisms cannot be
generalized. However, two broad classes of mechanisms that
appear to be fundamentally diﬀerent can be deﬁned based on
whether intermediate solid phases (i) do not form or (ii) do
form, during precursor solution supersaturation. These are
discussed using select examples from the literature. Figures 7A
and 12 illustrate schematically the possible nucleation
mechanisms for the two classes, respectively.
When no intermediate solid phase(s) form, the situation is
close to the classical nucleation/growth described above in
section 3.1.1, where the perovskite crystallites nucleate directly
from the precursor solution and grow, consuming all of the
“nutrients” from the precursor solution. Unfortunately, it is
quite diﬃcult to ascertain unequivocally if such intermediate
phases are absent or present, especially if they are amorphous
in nature. Nevertheless, the formation of such phases can be
suppressed by using ionic-liquid solvents or solvents with high
MBO. For example, Moore et al. used methylammonium
formate (MAF) ionic liquid to form a solution of MAPbI3
precursors, where only phase-pure MAPbI3 has been shown to
crystallize upon heating, with no formation of intermediate

where the expression for I is given by eq 9. The JMAK
equation can be rewritten as
y = 1 − exp(K3t n)

solvent

(15)

where K3 is a temperature-dependent rate constant and n is the
exponent, and it can be used for practical analysis by ﬁtting
sigmoidal y−t data and extracting K and n values. The solid
fraction y is very diﬃcult to measure directly; therefore, easily
accessible proxies are often used, such as peak intensity in Xray diﬀraction174 or scattering175 patterns, or the strength of
readily distinguishable spectroscopic absorbance features.176
Unfortunately, the deduction of growth mechanisms from such
empirical ﬁtting is open to question.
During the growth of nuclei, Ostwald ripening can also
occur, where smaller crystals can dissolve back in the solution
by virtue of their small radius of curvature, saturating the
solution locally. Simultaneously, the “monomers” from this
saturated solution will deposit on larger crystals, making them
grow at the expense of the smaller crystals. This phenomenon
is discussed in more detail in section 3.4.
3.1.2. Growth from Solutions. The myriad solutionprocessing one-step methods used for depositing perovskite
thin ﬁlms that are described in detail in section 4 have been
highly successful, although they are largely empirical in nature
and rely heavily on chemical intuition. Much of the research
has focused on obtaining target thin ﬁlms that embody the
desirable attributes that are necessary for achieving performance, stability, and scalability of the resulting devices (see
section 2.3), including perovskite composition and phase
3207

DOI: 10.1021/acs.chemrev.8b00318
Chem. Rev. 2019, 119, 3193−3295

Chemical Reviews

Review

It is worthwhile to discuss brieﬂy some of the characteristics
of the most commonly encountered intermediates (e.g., the
quasi-binary adducts PbI2·DMF and PbI2·nDMSO and the
quasi-ternary complexes MAI·PbI2·DMF and pMAI·mPbI2·
nDMSO, the precise stoichiometry of which will be explored
below), as they can have a subtle but powerful inﬂuence on the
morphology and quality of solution-processed ﬁlms. Moreover,
misunderstanding of the crystal structure of these intermediates has been widely propagated through the recent literature,
leading to substantial confusion. Even in some of the
pioneering works on high-performance solar cells enabled by
(or in spite of) intermediate formation,16,27,148,162 these
intermediates are often depicted as having a structure derived
from intercalation of solvent or solvent and MAI molecules
within the van der Waals gaps in the layered structure of PbI2,
the two-dimensional nature of which is otherwise preserved.16,27,148,162 This misconception has persisted despite
several early single-crystal X-ray diﬀraction studies on PbI2·
DMF,185 PbI2·2DMSO,186 and MAI·PbI2·DMF187 demonstrating that, while the local bonding of the inorganic Pb−I
framework does resemble the edge-sharing octahedral network
of PbI2, it is arranged in one-dimensional (1D) ribbons or
chains rather than 2D sheets. This underlying 1D structure also
more easily explains the rod- or ﬁberlike structure that is
typically witnessed for these intermediates. More recent studies
by Guo et al.188 and Rong et al.189 likewise indicate that PbI2·
DMSO (distinct from the PbI2·2DMSO compound above)
and (MA)2Pb3I8·2DMSO possess similar 1D structural motifs
to the above PbI2-solvent adducts and identify distinct phases
in XRD patterns that are suggested to be MAI−PbI2−DMSO
complexes with alternative stoichiometry (3MAPbI3·2DMSO,
3MAPbI3·DMSO) but whose crystal structures were not
resolved. (MA)2Pb3I8·2DMSO appears to be the most
favorable phase of the quasi-ternary DMSO-containing
intermediates, as crystals of this phase are obtained by cooling
an equimolar solution of MAI and PbI2 in GBL:DMSO (7:3 by
volume) or drop-casting the solution and slowly evaporating
the solvent, despite its relative deﬁciency in MAI.188,189
Study of these structures is valuable beyond the intuition
they provide regarding the morphology of colloidal species or
intermediate ﬁlms, and it reveals both interesting similarities
and diﬀerences resulting from variation of the solvent. The
complexes composed exclusively of PbI2 and solvent molecules
(i.e., PbI2·DMF, PbI2·DMSO, PbI2·2DMSO) feature Pb−O
bonds within the quasi-octahedral coordination structure
surrounding the Pb atoms and are, thus, properly termed
Lewis adducts, while in the MAI-PbI2-solvent complexes, Pb
coordinates only to I, forming true edge-sharing PbI6
octahedra.185−188 The full network of the complex is stabilized
by hydrogen bonds connecting I atoms to H atoms in the
methyl and ammonium groups on DMSO and MA+ ,
respectively, as well as connecting the O atoms in DMSO
with the H atoms in the ammonium groups on MA+ (rather
than to Pb, as would be the case for a true Lewis adduct with
the solvent). Despite these similarities, the complexes based on
DMF exhibit some intriguing diﬀerences relative to those from
DMSO. Per the observations of Guo et al.,188 there appear to
be many more possible stoichiometries of crystalline precursor
phases incorporating DMSO than DMF. Moreover, the
MAPbI3·DMF intermediate is unstable at room temperature
in the absence of a high chemical potential of ambient DMF,
whereas (MA)2Pb3I8·2DMSO is stable until heated above
room temperature. Furthermore, the MAI:PbI2 ratio in

Figure 12. Schematic illustration of perovskite nucleation on
intermediate phase: (A) within solution and (B) thin ﬁlm.

phases (at least crystalline ones).178 The resulting dense
MAPbI3 perovskite thin ﬁlms have full coverage, most likely
due to a high density of heterogeneous MAPbI3 nuclei.178
More recently, Foley et al. have used an additive,
tetrahydrothiophene oxide (THTO), in the MAPbI3 precursor
(in GBL solvent) to increase the bond unsaturation, thereby
suppressing the formation of an intermediate phase.179 Very
slow nucleation is reported in that study. However, in both of
the above studies the nucleation kinetics were not quantiﬁed,
and no attempt was made to apply classical nucleation theory.
Furthermore, the presence of amorphous intermediate solid
phases in these cases cannot be discounted because only XRD
is used to follow the evolution of crystalline MAPbI3. In
another study, it was shown that solid HPbI3 or MAPbI3, when
exposed to methylamine gas (CH3NH2) at room temperature,
turns into a clear liquid solution (MAPbI3·xCH3NH2) that
spreads, which can now serve as the precursor thin ﬁlm (see
section 5.2 for details). Here saturation occurs as a result of
degassing (by lowering the CH3NH2 partial pressure) at room
temperature, which leads to very rapid nucleation of MAPbI3
grains and their growth, without the formation of a solid
intermediate phase.60,180,181
3.1.2.1. Role of Precursor-Solvent Intermediates. As
mentioned earlier, in most of the popular solution-processing
methods for perovskite thin ﬁlm formation using aprotic
solvents (Table 1), a solid intermediate-phase (clusters and/or
continuous ﬁlms) forms. One can envision two scenarios:
perovskite nucleation could occur within the solid intermediate-phase (i) while the latter is still forming (clusters) in the
liquid precursor solution ﬁlm or (ii) after the latter has formed
into a solid thin ﬁlm. These are depicted schematically in
Figure 12 (panels A and B, respectively). The case in Figure
12A is rather diﬃcult to access, but there is evidence of clusters
(colloidal particles) in the precursor solutions and thin
ﬁlms,162−164,182 on which MAPbI3 may nucleate and then
grow. Alternatively, external species such as quantum dots may
be deliberately added in order to control the density and
distribution of nucleation sites (discussed further in section
6.3.3).183,184 The second case (Figure 12B) has also been
observed experimentally and is generally relevant to many of
the most popular single-step solution processing recipes, such
as spin-coating (discussed further in section 4.1.1) and “solvent
engineering” (discussed further in section 4.1.2), particularly
those involving the common solvents DMF and DMSO, which
coordinate strongly to Pb.
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MAPbI3·DMF evidently matches that of the ﬁnal perovskite,
allowing it to form simply through release of the solvent, while
conversion of (MA)2Pb3I8·2DMSO requires uptake of additional MAI in order to produce the perovskite, by way of the
two other distinct crystalline MAI·PbI2·nDMSO phases
identiﬁed by Guo et al.188 This diﬀerence may be especially
consequential for deposition of perovskites for several reasons.
First, the volume diﬀerence relative to MAPbI3 is smaller for
(MA)2Pb3I8·2DMSO than for MAPbI3·DMF, which may imply
less strain in the ﬁlm during conversion to MAPbI3. Second,
the diﬀusive component of the interaction between MAI and
(MA)2Pb3I8·2DMSO presumably allows perovskite crystallization to proceed more slowly and gently than it would through
simple loss of the solvent, which may promote higher
crystallinity and reduced defect populations. Third, persistence
of solvent in the precursor ﬁlm may provide a “solvent
annealing” eﬀect, wherein grain growth is aided by the
presence of solvent vapor that softens the ﬁlm as it evaporates
during the thermal annealing step (the “solvent annealing”
technique is discussed further in section 5.1.2).
Overall, many of the most successful single-step strategies
for fabricating the absorber in high-eﬃciency PSCs involves
the formation of a DMSO-containing intermediate. For
example, Jeon et al.148 have shown the formation of a dense,
crystalline MAI-PbI2-DMSO intermediate-phase ﬁlm progressing from the liquid precursor ﬁlm (MAI+PbI2 in DMSO/GBL
solvent mixture), triggered by the dripping of a toluene
antisolvent onto the precursor ﬁlm. It has been suggested that
the GBL evaporates during spin-coating and that the
antisolvent treatment removes excess DMSO, resulting in the
intermediate-phase formation. Ahn et al. 170 have also
employed a DMSO-containing intermediate to fabricate
MAPbI3 ﬁlms using DMF as the primary solvent and diethyl
ether as the antisolvent, and the resulting ﬁlm appears to be
amorphous.170 The solid intermediate-phase thin ﬁlms are
then heat-treated (at 100−150 °C) to drive out the DMSO in
a controlled way, thereby converting them to perovskite ﬁlms.
If properly controlled, the formation of the solid intermediatephase ﬁlm can lead to high quality ﬁnal perovskite thin ﬁlms
that are smooth, pinhole-free, and that provide full coverage of
the substrate. The ease, reliability, and compositional versatility
of these methods have made them highly popular in the PSC
ﬁeld (see sections 4.1.2−4.1.4 for further discussion). In
contrast, simple heating of the precursor ﬁlm without the
antisolvent treatment often results in uncontrolled evaporation
of the solvent, resulting in poor quality thin ﬁlms (vide infra).
Note that several diﬀerent types of additives can also be used
to aﬀect various aspects of the formation of perovskite thin
ﬁlms and are discussed in section 6.
The homogeneous nucleation of the perovskite crystalline
phase within the solid intermediate-phase ﬁlm (Figure 12B)
during heat treatment has not been studied in any detail, but it
is likely to be similar to what is described in section 3.1.1.
However, there is an additional strain term due to the solidstate nature of the phase transformation. Thus, eq 5
becomes161
ΔG(r ) = −V (ΔG V − ΔGS) + Aγ

where ΔGS is the free energy change associated
sustained strain and γ is the energy associated
perovskite/intermediate-phase interface. In the
heterogeneous nucleation, an additional term is

associated with the gain in the free energy (ΔGD) due the
elimination of the defects where nucleation occurs:161
ΔG(r ) = −V (ΔG V − ΔGS) + Aγ + ΔG D

(17)

Upon further heat treatment, these perovskite nuclei grow,
consuming the intermediate-phase matrix, in a solid-state
phase transformation associated with the thermally activated
diﬀusion and elimination of DMSO or other extraneous
components of the intermediate from the structure. Once
again, simultaneous growth will occur, as described in section
3.4.
While the formation of intermediate phases can often be
beneﬁcial if properly controlled, they can also impede the
fabrication of high-quality, compact ﬁlms. As noted above, in
perovskite “solutions,” precursors are often not thoroughly
dissolved but rather form colloidal particles by complexing
with the solvent. Yan et al.162 have shown that colloids formed
in solutions of PbI2 or MAI-deﬁcient to equimolar mixtures of
MAI and PbI2 in DMF tend to form large rodlike colloids
(which presumably inherit their morphology from the 1D
crystal structure of the PbI2·DMF and MAPbI3·DMF
intermediates described above), while in MAI-rich solutions
the colloids are smaller and have reduced aspect ratio. The
morphology of the resulting ﬁlms can, therefore, be directly
inﬂuenced by the colloidal character of the solution, with
rodlike colloids leading to a dendritic microstructure
punctuated by large voids when the solution evaporates
naturally (as in the case of single-step spin-coating, discussed
further in section 4.1.1), whereas more isotropic colloids lead
to more conformal coverage of the substrate. The dendritic
microstructure is observed regardless of whether the solution is
aged or freshly ﬁltered,190 signifying that nucleation and
growth of the colloids can occur quite rapidly, within the time
scale of the spin-coating process. However, the “memory” that
the ﬁnal perovskite ﬁlms possess of the colloidal character of
the precursor solution can be a useful attribute if one is able to
tailor the solution appropriately, as discussed in greater detail
in section 6. For example, Han et al.15 demonstrated that a
thiocyanate additive can dramatically increase the size of the
colloids in the precursor solution, which in turn arrange
themselves on the substrate and are converted to perovskite
whose apparent grain size scales with the colloid size. Using a
similar strategy, Li et al.191 found that a synergistic eﬀect
between DMSO and MACl additives signiﬁcantly increases the
colloidal size in solution, leading to a large enhancement of the
apparent grain size compared to the case in which DMSO was
used alone. The above examples highlight that a strong
understanding of the “hidden” interactions between the
precursors, solvent, and additives can provide both useful
clues to avoiding adverse morphological eﬀects as well as
provide leverage over mechanisms that may be exploited to
enhance ﬁlm quality. Unfortunately, such interactions are
necessarily speciﬁc to the particular combination of these
ingredients, and detailed understanding may not yet exist for
many relevant systems of interest.
3.1.3. Growth from Vapor Phase. There are several
vapor-based perovskite thin ﬁlm deposition methods (described in detail in sections 4.1.6−4.1.8, 4.2.3, and 4.2.4). The
one-step vapor-based deposition method is typically based on
dual-source (solid metal and organic halides) coevaporation in
vacuum, where the mixture of the vapors condense on the
substrate (typically held at room temperature).192,193 Dualsource coevaporation oﬀers more deposition control compared

(16)

with the
with the
case of
included,
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simultaneous growth, sequential growth of the ﬁnal crystalline
perovskite ﬁlm also involves a series of poorly understood
complex processes that depend on several variables and the
speciﬁc system under consideration. As such, general theories
that describe these complex processes do not yet exist.
3.2.1. Kinetics of Reactions. In the case of MAPbI3, the
ﬁrst step is typically the deposition of a solid PbI2 thin ﬁlm on
the substrate, followed by reacting this ﬁlm with MAI in either
solution, solid, or vapor form in the second step. The initial
PbI2 ﬁlms play an important role in determining the growth
mechanisms and are discussed in greater detail in section 3.2.2.
The three most popular two-step methods are143 (i) solid−
liquid,165,199 (ii) solid−solid,200 and (iii) vapor−solid.201
There are also several other variations of these three methods.
The simple reaction pertaining to the solid−liquid method in
the context of MAPbI3 thin ﬁlm deposition is143

to single-source evaporation.194 While signiﬁcant progress has
been made in the technology of vapor-deposition of high
quality perovskite thin ﬁlms, the fundamental understanding of
the growth mechanisms is lagging.195 The nature of the
evaporated precursors govern the perovskite deposition, but
the substrate has also been shown to play an important role.
Using UV photoelectron spectroscopy (UPS), Olthof et al.196
have shown that that ﬁrst few nanometers of the deposit are
not the perovskite phase and that complex and substratedependent chemical reactions are likely to occur during the
early stages of ﬁlm deposition. In the case of organic substrates,
that thickness is ∼3 nm, and in the case of metal-oxide
substrates, it is 10−30 nm. Zhou et al.197 and Xu et al.198 have
reported the formation of MAI-rich and PbI2-rich buﬀer layers
on ZnO and ITO substrates, respectively. Patel et al.96 have
likewise indicated for MAPbI3 ﬁlms deposited by coevaporation (see section 4.1.6) onto inorganic versus organic
substrates that, in the former case, amorphous MAPbI3 regions
are present near the interface (as revealed by diﬀuseness of the
SAED patterns in HRTEM measurements), while in the latter,
crystalline MAPbI3 extends to the interface. The ﬁnal apparent
grain size of the perovskite thin ﬁlms has also been found to
depend on the substrate (Figure 13).196 The formation of an

PbI 2(s) + MAI(soln) → MAPbI3(s)

(18)

Similarly, the reactions pertaining to solid−solid and vapor−
solid methods are, respectively:143
PbI 2(s) + MAI(s) → MAPbI3(s)

(19)

PbI 2(s) + MAI(g) → MAPbI3(s)

(20)

While the detailed mechanisms of the formation of MAPbI3 in
the two-step methods are complex, as a ﬁrst approximation it
can be assumed that the generic reaction (Figure 14A),
AX + BX 2 → ABX3

(21)

will be limited by the diﬀusion of the reactants through the
layer of the ABX3 product (Figure 14B). The general kinetics
of the reaction can then be written as follows:
x 2 = K 4t

(22)

where x is the thickness of the MAPbI3 layer formed at time t
and K4 is a rate constant given by K4 = KO4 exp(−QR/RT),
with QR being the activation energy for the diﬀusion process
controlling the reaction. The overall kinetics can also be
described by the JMAK equation (eq 14 or 15) with y being
the amount (fraction) of the ABX3 formed. These analyses can
be applied to MAPbI3 and other halide perovskites. However,
as noted previously, they only provide practical guidance, as
they are empirical and highly system-speciﬁc and, therefore, do
not provide mechanistic understanding/insights.
3.2.2. Growth from Solutions. In the ﬁrst method for
preparing MAPbI3 thin ﬁlms, a solid PbI2 ﬁlm is ﬁrst deposited
onto a substrate (ﬂat-planar or mesoporous oxide) followed by
dipping in a MAI solution (typically in anhydrous 2-propanol
solvent), as discussed in more detail in section 4.2.1.165,199 The
nature of the initial PbI2 thin ﬁlm plays a key role in
determining the growth mechanisms and the quality of the
ﬁnal ﬁlm. This is primarily because there is a 2-fold molar
volume expansion associated with Reaction 18,112,202,203 where
MAI intercalates into the layered PbI2 structure. However,
there have been limited studies on understanding the detailed
growth mechanisms. Schlipf et al.202 used grazing-angle X-ray
scattering to investigate the inner ﬁlm morphology during the
evolution of MAPbI3 for a dense predeposited PbI2 ﬁlm
(Reaction 18). It was found that the lateral conﬁnement by the
dense PbI2 retards Reaction 18 and forces the grains to grow in
the vertical direction.202 The strain due to the lateral constraint
can retard the conversion to perovskite and also lead to
cracking/peeling and high roughness.143,202 Also, the pro-

Figure 13. Top-surface SEM micrographs of MAPbI3 thin ﬁlms
processed using the dual-source coevaporation method on diﬀerent
substrates. The scale bar in all images is 500 nm. Reproduced with
slight format modiﬁcation from ref 196 under CC BY 4.0 (license
information available at https://creativecommons.org/licenses/by/
4.0/).

amorphous perovskite layer suggests that conventional
mechanisms of heterogeneous nucleation of crystalline perovskite on the substrate and its growth by attachment at
crystalline surface defects, such as ledges or screw dislocations,
may not be at play. Thus, the fundamental understanding of
the perovskite deposition mechanisms in vapor-based methods
awaits further basic studies.
3.2. Sequential Growth from Precursors (“Two-Step”)

Sequential growth from precursors occurs in perovskite thin
ﬁlms deposited using two-step methods and entails deliberate
reaction between diﬀerent precursor species (solid, liquid, and
vapor). The main advantage of the diﬀerent two-step methods,
which are described in detail in section 4.2, is the moderation
of the reaction between the organic and the inorganic parts of
the precursor, which typically occur very rapidly during
execution of one-step methods. Just as in the case of
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Figure 14. Schematic illustrations of (A) possible stages in the two-step methods, (B) two-step reaction, and (C−E) the possible reaction
pathways. Adapted from ref 143. Copyright 2015 American Chemical Society.

3.2.3. Growth from Solid Phase. In the second method,
instead of MAI-solution dipping, Xiao et al.200 spin-coated a
MAI thin ﬁlm on top of a dense, pinhole-free PbI2 ﬁlm,
creating a stack of solid PbI2 and MAI layers on a substrate.
The subsequent heat treatment (at 100 °C) enables the solidstate Reaction 19 between the two layers, resulting in the
formation of a MAPbI3 thin ﬁlm. The details of the growth
mechanisms are not clear, but they are closest to what is
described in Figure 14A and eq 22. It has been suggested that
the MAI solution starts reacting with the PbI2 layer during
spin-coating, and that during the interdiﬀusion heat treatment
the formation of solid, ﬁne-grained MAPbI3 is complete within
seconds.200 Thus, the nature of nucleation of MAPbI3 crystals
during this fast process, and how the two stacked layers of solid
PbI2 and MAI convert to a single solid layer of MAPbI3, is an
important subject for future research. The generic Reaction 21
resulting in the formation of dense ABX3 can be controlled by
diﬀusion of both A+ and X− (Figure 14C), both B2+ and 2X−
(Figure 14D), or counter-diﬀusion of 2A+ and B2+ (Figure
14E).143,160 The slowest diﬀusing species will control the
overall diﬀusion in order to avoid charge imbalance.143 Thus,
the diﬀusion process will determine at which interface and how
quickly the new ABX3 forms.143
3.2.4. Growth from Vapor Phase. In the third method,
Chen et al.201 reacted atmospheric-pressure MAI vapor at 150
°C with a somewhat porous solution-deposited PbI2 ﬁlm,
resulting in dense, polycrystalline MAPbI3 thin ﬁlms after 2 h.
Results from interrupted experiments show evidence of what
appear to be MAPbI3 nucleation-centers (∼10 nm) that are at
least initially on the surface of the PbI2 layer.201 Hu et al.212
used nanoporous vapor-deposited initial PbI2 thin ﬁlms and
showed that its reaction (Reaction 20) with MAI vapor is
diﬀusion limited, and it progresses from the top of the ﬁlm to
the bottom. More recently, Hsiao et al.213 and Li et al.214 have

longed dipping needed to complete the reaction can result in
the degradation of the as-formed MAPbI3 in contact with the
2-propanol solvent. To that end, for example, amorphous
initial PbI2 ﬁlms204 and porous PbI2 ﬁlms205−207 have been
used to promote the reaction and to accommodate the volume
expansion. Examples of other approaches that have been found
to be eﬀective include tailoring of PbI2 porosity and
crystallinity,208 prealloying the PbI2 ﬁlms (e.g., PbI2·xMAI,209
PbI2·xFAI210), the use of density-matched intermediate ﬁlms
(e.g., PbI2·xDMSO) for topotactic conversion,27,211 and
performing multiple MAI inﬁltration cycles.203
In a recent study, Ummadisingu and Grätzel have used a
combination of XRD, SEM, SEM-photoluminescence (PL),
SEM-cathodoluminescence (CL), and confocal laser scanning
ﬂuorescence microscopy (CLSFM) to elucidate the sequential
growth mechanisms for MAPbI3 thin ﬁlms.176 They have
shown that the ﬁrst stage in this process is the heterogeneous
nucleation and growth of the new PbI2 from the poorcrystallinity, porous initial PbI2 thin ﬁlm.176 Relatively large
PbI2 crystals (∼500 nm) form on top of the existing PbI2 ﬁlm
within 2 s of dipping. They grow as faceted PbI2 crystals, while
consuming the surrounding PbI2 thin ﬁlm, into larger islands.
Subsequently, the reaction with MAI appears to start at the
edges and grain boundaries of the newly grown PbI2 crystals,
resulting in a part of the crystals being converted into MAPbI3
through the intercalation of the MAI into the layered PbI2
structure. Eventually, most of the PbI2 is consumed by the
formation of MAPbI3 grains. The grains then grow, resulting in
densely packed thin ﬁlms of MAPbI3. In the case of
mesoporous oxide substrates, some residual PbI2 remains,
presumably within the pores.176 While this study provides new
insights into the sequential growth of MAPbI3 ﬁlms, it is not
clear if they apply universally to other conditions and systems.
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Figure 15. Cross-sectional SEM images of (A) PbI2-to-FAPbI3 (“conventional” process) and (B) PbI2·DMSO-to-FAPbI3 conversion
(“intramolecular exchange process”/“IEP”). Note the small thickness change in (B) compared with (A). Reprinted with permission from ref
27. Copyright 2015 AAAS.

observed, indicative of the small volume expansion after
Reaction 23. In comparison, in the conventional two-step
formation process using an initial PbI2 thin ﬁlm, a signiﬁcant
increase in the ﬁlm thickness is observed in Figure 15A. The x
value in PbI2·xSLV can also have an important eﬀect on the
density and morphology of the PbI2·xSLV ﬁlm, which
consequently aﬀects the ﬁnal ﬁlm morphology.211 As
mentioned earlier, besides PbI2·xSLV, other adducts such as
PbI2·xMAI209 and PbI2·xFAI210 are also used as the precursor
phase for facile formation of high-quality perovskite thin ﬁlms,
where the same intermediate-aided diﬀusion mechanism
applies.

used partial-vacuum vapor methods to gain better control over
the process. Unfortunately, the growth mechanisms in this
method are still poorly understood. In some other studies,
instead of MAI vapor, atmospheric-pressure MA0 (CH3NH2)
gas has been used at room temperature, and the processes that
occur are akin to the two-step sequential methods for the
preparation of MAPbI3 thin ﬁlms.60 Here, PbI2,215 HPbI3,181
or NH4PbI3216 initial thin ﬁlms are used, and the reactions and
the growth mechanisms are described in more detail in section
5.2.
3.2.5. Intermediate-Aided Diﬀusion. As alluded to in
section 3.1.2.1, reaction of solvent molecules with the Lewis
acid PbI2 can form crystalline adducts with a general chemical
formula of PbI2·xSLV, where SLV represents a common
perovskite solvent such as DMF,185 DMSO,27,211 or NMP.217
Such PbI2·xSLV adduct ﬁlms can be used as the initial thin
ﬁlms in the two-step methods. Here, upon reaction (reaction
23) of PbI2·xSLV with MAI,211 FAI,27,217 or mixed MAI/FAI
solutions,27 a facile conversion reaction occurs, resulting in the
formation of MAPbI3, FAPbI3, or (MA,FA)PbI3, and the
release of SLV molecules:

3.3. Crystallization within Conﬁned Spaces

Mesoporous PSCs, where the perovskite forms within
mesopores (5−20 nm) of oxide scaﬀolds, are popular due to
some advantages they oﬀer over planar PSCs, such as reduced
hysteresis in the J−V response due to matched extraction of
electrons/holes218 and better adhesion due to mechanical
interlocking.125 In this case, much of the previous nucleation
and growth discussion that focused on the simpler case of
planar perovskite ﬁlms needs to be modiﬁed to consider the
3D constraint placed by the scaﬀold. Although this problem is
signiﬁcantly more complex, constrained-crystallization theories
developed in the ﬁelds of geology and cements219−223 could be
adopted and built upon, at least in the simpler case of
simultaneous (one-step) growth of mesoporous perovskite thin
ﬁlms. Consider a perovskite nucleus of critical size (r*) in a
tubular mesoporous pore (radius rp), most likely nucleated
heterogeneously due to the abundance of nucleation sites
available within mesoporous oxide scaﬀolds (Figure 16A). As
the crystal grows (Figure 16B), the right and left hemispherical
ends will be in equilibrium with the supersaturated solution,
attaining a curvature of κE = 4/(2rp − δ), where δ is the
thickness of the solution channel and the cylindrical part of the

PbI 2 ·xSLV(s) + MAI(soln) or FAI(soln)
→ MAPbI3(s) or FAPbI3(s) + xSLV(g)

(23)

This process was ﬁrst introduced as “intramolecular exchange”
by Yang et al.27 (see Figure 15A). Here, the SLV molecules
within the adduct can be easily replaced by MAI or FAI
because MAI or FAI exhibit much higher aﬃnity (ionic bonds)
toward PbI2 compared with the solvent (Lewis acid−base
interaction). In this context, the predeposited PbI2·xSLV layers
that are highly uniform and dense can be directly converted to
MAPbI3 or FAPbI3 perovskites after this process. Figure 15B
shows cross-sectional SEM images of an initial PbI2·xDMSO
and the converted FAPbI3 thin ﬁlm via intramolecular
exchange, where only a small increase in the ﬁlm thickness is
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PSCs with some of the highest PCEs reported so far contain
a mesoporous layer;28 however, without deep understanding of
crystallization of mesoporous perovskites, the further development of these PSCs will remain largely empirical, with the
attendant limitations on the nonincremental progress that can
be made. Detailed studies to address these shortcomings face
formidable challenges, most of which are related to the small
length scales (nanometers) and fast time scales (seconds) at
which the relevant phenomenon occur, and the diﬃculties with
in situ and ex situ characterization at those scales. This also
presents an unprecedented opportunity for new theoretical and
experimental research in this uncharted area. Also, any new
low-dose characterization techniques developed for studying
perovskites in general could be brought to bear on this more
complicated problem.

Figure 16. Schematic illustration of organic−inorganic halide
perovskite (OIHP) growth from solution, within the conﬁnes of a
pore within a mesoporous oxide.

crystal has a curvature κS = 2/(2rp − δ).
relation must be satisﬁed at equilibrium:220
2γLC
rp −

1
2

( )
=
δ
ln( )

220

3.4. Grain Growth and Microstructural Evolution

Generally, large grains are desirable in polycrystalline semiconductors used for solar cells, photodetectors, and transistors
because defects such as grain boundaries degrade the device
performance,226 although, as noted in section 2.3.2.3,
calculations indicate that one of the advantages of the hybrid
perovskites is the relatively benign nature of the grain
boundaries.14 Large grains reduce the density of grain
boundaries, at which charge recombination can occur due to
elevated charge-trap densities.14,122,136,143 Grain boundaries
can also aﬀect other properties such as conductivity, dielectric
constant, and carrier mobility.143 Furthermore, as mentioned
in section 2.3.2.3, polycrystalline perovskites can be viewed as
having a 3D grain boundary network, where the grain
boundaries can serve as “highways” for ion-migration93 and
moisture ingress,123 resulting in the faster degradation of
perovskite thin ﬁlms. While it is clear that grain boundaries
within the thickness of the perovskite ﬁlms (in-plane) could be
detrimental, the direct beneﬁt of having grain size much larger
than the ﬁlm thickness (equivalently, only vertical grain
boundaries) has not been demonstrated.143 As alluded to in
section 2.3.2.3, large grains are not always necessary or even
desirable for certain device designs, particularly LEDs.30,32
Nevertheless, as the PCEs of PSCs approach the theoretical
maximum, eliminating even relatively benign defects such as
grain boundaries will become increasingly important.
There is a thermodynamic driving force for grains in a dense,
polycrystalline perovskite ﬁlm to coarsen, but this process is
kinetically limited. Note that the term “coarsening” is used to
imply an increase in the average grain size of an already-formed
microstructure, as distinct from more general nuclei growth,
which may also occur by consumption of a precursor phase or
phases. It is also important to deﬁne a “grain” since there is
some confusion in the perovskite and PSC literature, as similar
features are sometimes referred to as “domain,” “aggregate,” or
“morphological feature.” By deﬁnition, a grain is the smallest
microstructural unit that is a true single crystal and is bounded
on all sides by grain boundaries, interfaces, or surfaces. In other
words, all locations within the grain have the same crystallographic orientation or its variant (e.g., twin) with respect to
each other. Grain size is the most important microstructural
quantity reported in the literature for polycrystalline perovskite
thin ﬁlms, and it is generally measured using image analyses of
SEM or AFM images, which contain grain boundary grooves.
It is implicitly assumed that the grain boundary grooves
represent the intersection of every grain boundary with that
surface.143 As noted in section 2.3.2.3, this assumption may not

The following

RT
Vm

KE
KM

(24)

where KE and KM are the solubility products for the curved
(with curvature κE) and macroscopic crystal, respectively; γLC
and VM are the solution-crystal surface tension and molar
volume, introduced in eqs 5 and 6, respectively. The growth of
this crystal will exert pressure, p, due to the 3D constraint,
which is absent in the planar thin ﬁlm case, and it is given by220
p = γCL(κE

( )
−κ)=
ln( )
RT
Vm

S

KE
KS

(25)

where KS is the solubility product in the liquid channel. Similar
calculations can be performed for other geometries, such as a
spherical pore fed by tubular channels.220 If the mesoporous
scaﬀold has adequate strength, the back pressure from the pore
walls can force the perovskite crystal to grow in the axial
direction as saturation, S, increases. Also, the overall 3D
constrained shrinkage of the perovskite crystals from the
solution will result in net tensile strain in the perovskite. This is
consistent with ∼1% tensile strain estimated from XRD
analysis of MAPbI3 crystallized within a mesoporous TiO2
scaﬀold.87 However, there are other eﬀects that are not
considered, which could be important. For example, the area of
the interface between perovskite and oxide (e.g., TiO2) is
signiﬁcantly greater than that in the case of planar perovskite
thin ﬁlms, which could play an important role in the energetics
of the stability of the perovskite phases. In this context, it is
known that the undesirable “yellow” δ-FAPbI3 nonperovskite
phase within mesoporous TiO2 scaﬀolds does not transform to
the desirable “black” α-FAPbI3 perovskite polymorph upon
simple heating, whereas it transforms readily in the planar
form.224,225 The reasons for this phenomenon, which precludes
the use of the simple one-step process for making FAPbI3based mesoporous PSCs, are not known, but it is highly likely
that interface-energetics and strain could be responsible for this
behavior. In the case of two-step processing of perovskites
within mesoporous oxide scaﬀolds, the situation is much more
complicated, and relevant theories/analyses are not available to
build upon.
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be valid, because the pathway by which the grooves form
during processing depends on how the grains grow and
coalesce. In this context, grain size of polycrystalline metals,
ceramics, or inorganic semiconductors is measured using
grooves that are produced deliberately by thermal or chemical
etching.143 Grain boundary grooves occur as a result of
preferential evaporation and/or chemical attack of grain
boundaries, which are more disordered compared to the
grain interior, ensuring the delineation of each and every grain
boundary. Since halide perovskite thin ﬁlms are not amenable
to chemical or thermal etching, there may be grain boundaries
in the as-formed perovskite ﬁlms that do not form grooves
during processing. Also, grain surfaces in as-deposited
perovskite thin ﬁlms can have wrinkles, which can be mistaken
for grain boundary grooves.143 Figure 17 shows an example of
Figure 18. Schematic illustrations of (A) 2D microstructure showing
motion of grain boundaries (number of sides to a grain is indicated in
a few representative cases),160 (B) ﬁne-grained thin ﬁlm, (C) coarsegrained “stagnated” thin ﬁlm (inset: cross section showing grainboundary groove imposing drag on a grain boundary moving to the
right), and (D) secondary grain growth (dashed arrows indicate the
same crystallographic orientation).228 (A) reprinted with permission
from ref 160. Copyright 1976 Wiley; (B−D) modiﬁed with
permission from ref 228. Copyright 1990 Annual Reviews.

than six sides (ϕ > 120°), whereas grains with exactly six sides
(dihedral angle ϕ = 120°) are stable. Here, “monomer” species
in smaller grains will diﬀuse across the solid-state grain
boundary between those two grains to the larger grain, which
results in the motion of the grain boundary in the opposite
direction. This makes the convex curvature even sharper and
more species migrate to the larger grain, until the smaller grain
disappears at the expense of the growth of the larger grain.
Grain coarsening rate is then given by the Turnbull relation:160

Figure 17. Top-surface SEM micrographs and corresponding EBSD
patterns in FAPbI3 thin ﬁlms. (A) Composite ﬁlm of large (∼5 μm)
“black” α-FAPbI3 perovskite grains embedded within a ﬁne-grained
(∼500 nm) “yellow” δ-FAPbI3 nonperovskite matrix. (B) Fully
converted α-FAPbI3 perovskite thin ﬁlm. Identical EBSD patterns
from diﬀerent areas within the grains, regardless of their surface
morphologies, further attesting that they have the same crystallographic orientation. Adapted with permission from ref 227. Copyright
2018 American Chemical Society.

rtn − ron = K5t

(26)

where r0 and rt are grain radii at time zero and at t, respectively,
exponent n = 2, and K5 is the rate constant given by K5 = KO5
exp(−QB/RT), with QB being the activation energy for grainboundary motion, which is related to the solid-state diﬀusion
of the relevant species. Unlike bulk 3D materials, the
coarsening occurs slowly in thin ﬁlms and typically stagnates
when the average grain size (2r)̅ approaches the ﬁlm thickness
(d), at which point all grain boundaries intersect the top
surface and the bottom interface with the substrate (Figure 18,
panels B and C).143,228 Assuming isotropic grain boundary
energy, this coarsening “stagnation” arises from drag forces
exerted by the surface and the interface on the moving grain
boundaries.228 In particular, signiﬁcant drag is expected to be
exerted by grain boundary grooves at the surface (see Figure
18, panels A and C, inset).228 Figure 9B presents an example of
a SEM image of the top surface of a typical MAPbI3 thin ﬁlm
(∼300 nm thickness) with an average grain size of ∼300 nm
showing extensive grooving. Subsequently, secondary coarsening (also called exaggerated or abnormal grain growth) occurs
in anisotropic thin ﬁlms. For this situation, a few favorably
oriented grains, whose low-energy crystallographic planes
constitute the thin ﬁlm surface and the interface with the
substrate, grow rapidly, resulting in large-grained, textured thin
ﬁlms (Figure 18D).143,228 The system tends to maximize the
area of those surfaces and interfaces through the growth of the
favorably oriented grains at the expense of the less favorably
oriented grains.143 The coarsening rate of those favorably
oriented grains (for radius rS ≫ r)̅ is given by228

this feature in FAPbI3 perovskite ﬁlms.227 In other words, the
use of as-formed features in SEM images to measure the grain
size may result in an overestimation of this quantity, and, thus,
it is referred to as the “apparent grain size” throughout this
review.
The two most important classical grain-coarsening mechanisms are solid-state grain growth and matrix-phase (solid or
liquid)-mediated Ostwald ripening relevant to halide perovskite thin ﬁlms. It is a common misconception that all grain
coarsening is Ostwald ripening. Note that Ostwald ripening is a
subset of general coarsening and speciﬁcally refers to
coarsening in the presence of a continuous second phase,
typically a liquid. The diﬀerences in the curvatures of small and
large grains provide the thermodynamic driving force for both
mechanisms. Topology of individual grains is a particularly
important consideration in solid-state grain growth. Figure 18A
is a 2D schematic illustration of a polycrystalline material
containing grains of diﬀerent sizes and coordination numbers
(sides).160 Here, grains with less than six sides have concave
grain boundaries (dihedral angle ϕ < 120°) and will shrink at
the expense of the growth of neighboring grains with more
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(27)

where M is the grain boundary mobility; γ*CV and γ*SC are the
average surface and interface energies, respectively, of all the
normal grains; γCV and γSC are the surface and interface
energies, respectively, of the favorably oriented grains; and γGB
is the grain boundary energy. Eq 27 implies that by minimizing
the energy (γSC) of the interface between the favorably
oriented grains and the substrate through judicious choice of
substrates for better adhesion, one can achieve rapid secondary
grain-growth.143 The Dupré work of adhesion between the ﬁlm
and the substrate, WSC, is given by229
WSC = γSV + γCV − γSC

(28)

where γSV is the surface energy of the substrate (one may not
have independent control over the energy terms other than γSC
in eqs 27 and 28 for a given perovskite). This analysis suggests
that grain sizes that are signiﬁcantly larger than the ﬁlm
thickness (d) can be obtained, but it is invariably associated
with strong crystallographic texture in the thin ﬁlm, which can
be either a desirable or undesirable attribute,143 as noted in
section 2.3.2.2.
In the case of Ostwald ripening, a matrix phase (e.g., liquid)
is required to be present between the grains. Here, the smaller
grains with higher chemical potential, by virtue of their
curvature, dissolve in the matrix phase preferentially over larger
grains.230 In the process, the matrix becomes locally supersaturated in “monomers,” which deposit on larger grains with
lower chemical potential, resulting in the net coarsening of the
grains.143 Thus, the slower of the two steps, diﬀusion of the
“monomers” through the matrix phase (diﬀusion-controlled)
and their attachment on the larger grains (interface-reaction
controlled) controls the overall Ostwald ripening process. The
Ostwald ripening kinetics are also described by eq 26, where
the exponent n = 2 for interface-reaction-controlled and n = 3
for diﬀusion-controlled processes.230 Ostwald ripening can also
occur via evaporation−condensation (vapor phase), which is
also driven by curvature diﬀerences, and is likewise described
by eq 26.231
The poor thermal stability of perovskites limits the
processing windows (temperature, time) for both one-step
and two-step methods. Thus, the grain size of the as-deposited
perovskite thin ﬁlms is typically small (few hundred nanometers), requiring postdeposition grain growth/coarsening
(strategies for increasing grain size are discussed in more
detail in section 5). For example, panels A and C of Figure 19
show top-view and cross-section images of a MAPbI3 thin ﬁlm,
respectively, with an average apparent grain size of ∼280 nm
and apparent grain boundary density of ∼8900 nm μm−2. With
the use of a MACl-additive-assisted approach, the grains could
be coarsened to ∼3 μm with apparent grain boundary density
of only ∼400 nm μm−2 (Figures 19, panels B and D).138
Another example is shown in Figure 19E (cross-sectional TEM
micrograph of a whole PSC), where MAPbI3 grains appear to
span the thickness of the ﬁlm using an excess-MAI-assisted
approach. Figure 19 (panels F and G) shows a high-resolution
TEM micrograph and selected-area electron diﬀraction
pattern, respectively, from the marked area within a grain,
showing high crystallinity and conﬁrming the single-crystal
nature of the grain.232

Figure 19. Top-view and cross-sectional SEM micrographs of
MAPbI3 thin ﬁlms: (A and C) ﬁne-grained ﬁlm prepared from a
MAPbI3·CH3NH2 precursor with a high-density apparent grain
boundary network and (B and D) coarse-grained ﬁlm prepared
from a MAPbI3·MACl·CH3NH2 precursor with a low-density
apparent grain boundary network. Adapted from ref 138. Copyright
2017 American Chemical Society. (E) Cross-sectional TEM image of
PSC with MAPbI3·MACl·CH3NH2-derived perovskite thin ﬁlm and
(F) high-resolution TEM image and (G) SAED pattern from the red
square marked in (E). Reproduced with permission from ref 232.
Copyright 2015 Wiley-VCH.

3.5. Inﬂuence of External Fields

Electric or magnetic ﬁelds can inﬂuence the crystallization
behavior of many conventional materials such as Si,233
CaCO3,234 and polymers.235 In the case of MAPbI3, the
crystal structure may respond to the electric or magnetic ﬁelds
more actively due to its “soft” nature.93 Since hybrid
perovskites generally contain polar organic cations that can
respond to electric ﬁelds, crystals are, therefore, likely to be
ferroelectric236 (although this eﬀect might be complicated by
dynamic disorder and/or transition to a centrosymmetric cubic
phase237 at temperatures relevant for processing). Thus,
imposing a DC or AC electric ﬁeld might possibly tune the
nucleation rates and preferred growth orientation, resulting in
perovskite thin ﬁlms with unique characteristics such as
tailored texture and grain size/morphology, similar to those
eﬀects reported in other materials.238−242 However, there have
been very limited studies in this area in the context of
simultaneous (one-step) growth. Zhang et al.243 have claimed
that the optimized external electric ﬁeld (2.5 V μm−1) can
facilitate the one-step crystallization of MAPbI3 ﬁlms and
improve their crystallinity. The devices produced from these
ﬁlms also exhibit a stronger built-in electric ﬁeld, which is
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Figure 20. “One-step” spin-coating process (A), where a perovskite precursor solution is deposited onto the substrate, which is then rotated rapidly
to distribute and dry the precursor ﬁlm, and thereafter annealed to complete the formation of the perovskite thin ﬁlm. Reproduced from ref 249
under CC BY 3.0 (license information available at https://creativecommons.org/licenses/by/3.0/). The solvent engineering technique (B), which
is similar to one-step spin-coating except that an antisolvent is dripped onto the ﬁlm while it spins, causing rapid intermediate-phase formation (or
direct crystallization of the perovskite). Adapted with permission from ref 148. Copyright 2014 Macmillan Publishers Ltd. Typical morphology of a
MAPbI3 thin ﬁlm prepared by (C and D) one-step spin-coating and (E and F) solvent engineering. Reprinted with permission from ref 149.
Copyright 2014 Wiley-VCH.

PbI2 nuclei has been found to decrease while the nuclei density
increases.247 It has been proposed that the surface traps in PbI2
are populated by photogenerated carriers, most probably holes,
thereby increasing the surface charge. In order to compensate
for this excess positive charge, I− ions from the MAI solution
are expected to migrate to the PbI2/solution interface, thereby
decreasing the value of γCL in eqs 6 and 8. The net result is a
decrease in the ΔG*Het and r*, which promotes rapid
nucleation of small crystals (generally desirable for a uniform
ﬁlm free from pin holes). The authors also considered the
eﬀects of heating due to the light and found that heating has
the opposite eﬀect, promoting the growth of the crystals rather
than nucleation of new ones, leading to larger but more
dispersed crystallites.247

beneﬁcial for the charge separation/transport in PSC devices.
This eﬀect could be attributed to a tailored ion polarization by
the electric ﬁeld.
Application of a magnetic ﬁeld has also been claimed to
inﬂuence the nucleation and crystal growth of MAPbI3
perovskite thin ﬁlms. Wang et al.244 have observed that, by
imposing an optimized magnetic ﬁeld of 80 mT, the resultant
MAPbI3 ﬁlms appear to have larger crystalline grains and
exhibit improved optoelectronic properties. It has been
suggested that the Lorentz force on the ions due to the
magnetic ﬁeld tends to order them, resulting in a more ordered
intermediate phase. However, how this better-ordered
intermediate phase aﬀects nucleation and growth is not
known. Williams et al.245 have also shown that when Fe is
partially substituted for Pb in MAPbI3, application of a
magnetic ﬁeld increases apparent grain size and improves ﬁlm
coverage. However, introduction of Fe reduces optoelectronic
quality of the ﬁlms (as observed by others)246 and appears to
increase the propensity of twinning, demonstrating that
competing eﬀects may also be brought about by the presence
of an additive in conjunction with the application of some
external ﬁeld. The exact role of electric and magnetic ﬁelds on
crystallization remains to be explored and conﬁrmed, and
research in this direction may lead to new avenues for
controlling the microstructures (e.g., texture, grain size) in
halide perovskite ﬁlms.
A limited study on the eﬀect of light (1-sun illumination)
during one-step antisolvent processing of perovskite thin ﬁlms
of complex compositions has been shown to have a detrimental
eﬀect on the quality of the ﬁlms.247 In contrast, in the two-step
(sequential) method, illumination may result in superior
quality perovskite ﬁlms.247 As mentioned in section 3.2.2, the
formation of MAPbI3 during the sequential process may be
preceded by the heterogeneous nucleation and crystallization
of new PbI2 on top of the initial PbI2 thin ﬁlm. Under
increasingly intense illumination (up to 1 sun), the size of the

4. DEPOSITION METHODS
A key advantage oﬀered by the halide perovskites that makes
them unique among high-performance semiconductors is their
processability, as evinced by the many facile and lowtemperature routes by which they may be formed. As
mentioned in section 3, the halide-perovskite thin ﬁlm
deposition methods are broadly classiﬁed as one-step, where
all the precursors are deposited simultaneously onto the
substrate or two-step, where each precursor is deposited
separately or sequentially onto the substrate. Note that there is
some ambiguity in the literature regarding these designations.
For example, the popular solvent engineering method (section
4.1.2), where an antisolvent is dripped onto the precursor ﬁlm
during spin-coating, is sometimes described as a two-step
procedure, with the application of the precursor solution and
antisolvent counted as two separate steps. In that context,
annealing of the precursors may also be considered as a
separate fabrication step (though it is seldom referred to as
such in the halide perovskite literature), in which case almost
all perovskite fabrication recipes are multistep procedures.
However, the growth mechanisms described in section 3 are
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that removal of the solvent proceeds relatively slowly
(compounded by the fact that many of the solvents capable
of dissolving PbI2 in useful amounts, such as DMF and DMSO,
have high boiling points/low vapor pressures), with supersaturation of the precursor solution being limited by the
evaporation rate of the solvent during the spin procedure and
possibly also the annealing step. As discussed in section 3.1.1,
slow evaporation of the solvent may allow signiﬁcant growth of
existing nuclei to proceed concurrently with nucleation of new
precursors, scavenging “nutrients” in the solution that might
otherwise be available to generate a higher density of nuclei.
Preferably, ﬁlm growth proceeds through a high density of
nuclei with a narrow size distribution in order to ensure that
the resulting ﬁlm entirely covers the substrate.
The shape and chemistry of the nuclei can also have a
substantial impact on ﬁlm morphology, as they may consist not
of the perovskite but rather of solid perovskite-solvent
intermediates, as discussed in section 3.1.2.1. For example,
reports focusing on spin-coating of stoichiometric mixtures of
MAI and PbI2 from DMF solutions have proposed that the
intermediate phase obtained after spin-coating (but before
annealing) is composed of a MAI-PbI2-DMF complex,190,252
macroscopic crystals of which adopt a rod/needle-like habit
presumably inherited from their 1D crystal structure (as
discussed in section 3.1.2.1).253 This explanation is further
supported by noting that the rodlike structures themselves
appear to be composed of smaller grains (Figure 20, panels C
and D),149 which signiﬁes that the perovskite is obtained
through transformation of a solid intermediate phase whose
original morphology is preserved even after the excess solvent
is removed from the ﬁlm. The high aspect ratio of these
intermediate phases can further exacerbate the problems
associated with slow nucleation and rapid growth, as they do
not pack tightly but rather scatter loosely across the substrate,
leaving large voids in between. It is also worthwhile to consider
the possibility that the complexes nucleate and grow as colloids
in solution prior to deposition, and they are then deposited
onto the substrate. Kerner et al.190 note that, despite the
growth of colloids up to micron scale as the solution ages, the
dendritic morphology is obtained regardless of whether the
precursor solution is freshly ﬁltered, suggesting that nucleation
and growth of the intermediate can occur rapidly, within the
time required to perform the spin-coating step.
The challenges associated with the formation of large, poorly
connected intermediates may be mitigated by removing the
solvent quickly in order to favor rapid and uniform nucleation
before the noncontinuous dendrites have a chance to grow to
appreciable size. Per the discussion of the LaMer diagram in
section 3.1.1.1, uniformity of the nuclei can be assured by
stimulating a rapid “burst” of nucleation in as short a span of
time as possible. This approach forms the basis for solvent
engineering and related methods, which involve removal of the
solvent by drenching the precursors with an antisolvent while
the substrate is still spinning, thereby rapidly increasing the
supersaturation ratio S;148,149 such processes are described in
greater detail in the following section. An alternative means of
removing the solvent from the ﬁlm quickly is to expose it to
vacuum immediately after the spin. Several reports have
indicated that, as the vacuum drying pressure is reduced, the
ﬁlm becomes more compact and conformal.250,254,255 This
process has been used to produce large-area PSCs with PCE
over 20%, and the ﬁlms produced using this process also
exhibit considerably slower monomolecular PL decay rates

best classiﬁed according to the chosen scheme of whether the
precursors (generally metal halides and/or organic cation salts)
are deposited simultaneously (one-step) or sequentially (twostep). In this section, we provide a more detailed description of
some of the major one-step and two-step methods, with focus
on the technique and the methodology. We conclude with a
discussion of techniques compatible with deposition of
perovskites on large-area substrates, a topic that spans both
deposition classiﬁcations described above.
4.1. “One-Step” Deposition Approaches

4.1.1. Basic Spin-Coating. Arguably the simplest method
of preparing perovskite ﬁlms is one-step spin-coating, which
was used in the ﬁrst successful report of PSCs by Kojima et al.
in 2009.248 As mentioned in section 3, in this process, a
solution is prepared, consisting of the precursors MAI and PbI2
(other precursors may be substituted, for example, FAI for
MAI and SnI2 for PbI2) dissolved in a polar solvent such as
DMF, DMSO, GBL, NMP, or mixtures of such solvents. This
solution is then dropped onto a spinning substrate held in
place by a clamp or vacuum chuck (Figure 20A). As the
substrate spins (at hundreds to thousands of revolutions per
minute), liquid is removed from its surface, at ﬁrst primarily by
centrifugal force ﬂinging excess solution oﬀ the substrate and
afterward by evaporation of the remaining solvent. As the
solvent evaporates, the concentration of the perovskite
precursors increases until it reaches the solubility limit
(supersaturation), at which point crystallization of the
perovskite begins (see discussion in section 3.1).
Depending on the details of the recipe, the ﬁlm that forms
may consist of either the targeted perovskite composition or an
intermediate phase. In most cases, the as-formed ﬁlm is
transferred to a hot plate or other heat source for a relatively
low-temperature anneal (typically 100−150 °C) for a duration
ranging from a few minutes to a few hours. The annealing step
has several purposes: (i) remove any remaining solvent to
cause supersaturation, (ii) assist in the nucleation and growth
of the perovskite, and (iii) coarsen the grains. Many diﬀerent
variations on this theme exist. For example, precursors may be
nonstoichiometric, include spectator species, or contain other
additives that promote grain growth or otherwise alter the ﬁlm
microstructure (as discussed in section 6). Alternatively, the
diﬀerent precursors may be deposited sequentially by spincoating or spin-coating followed by a diﬀerent deposition
method (as discussed in section 4.2). In this section, we will
concern ourselves speciﬁcally with one-step spin-coating from
a stoichiometric solution of MAI and PbI2, since this is the
most basic method for the most widely used perovskite,
MAPbI3.
Despite its straightforwardness, the method described above
tends to yield very rough ﬁlms with poor coverage on the
substrate.165 When the most popular solvent, DMF, is used, a
dendritic morphology of rodlike perovskite crystallites is
obtained for planar substrates (Figure 20, panels C and
D).149,165,190,250,251 In addition to poor coverage (see also
Figure 9A), one-step spin-coating can also lead to incomplete
pore ﬁlling when employing a mesoporous substrate.249
Unsurprisingly, the corresponding PSC devices tend to
perform poorly due to the formation of shunt paths across
the ﬁlm, and high-performance solution-processed perovskite
devices are more often produced by more complicated but
eﬀective methods relying on solvent engineering148 or two-step
deposition.165 This morphology may be explained by noting
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Figure 21. (A) Schematic of the hot-casting process: (B) optical microscope images of hot-cast perovskite ﬁlms processed by spin-coating at
diﬀerent temperatures. Reprinted with permission from ref 258. Copyright 2015 AAAS. (C) Low- and (D) high-magniﬁcation SEM images of
MAPbI3 ﬁlms prepared by doctor-blading on heated substrates with methylammonium chloride and methylammonium hypophosphite additives,
clearly showing that the large, 100 μm-sized domains in (C) are themselves apparently composed of much smaller grains of size on the order of 1
μm. Reproduced with slight format modiﬁcation from ref 264 under CC BY 4.0 (license information available at https://creativecommons.org/
licenses/by/4.0/). (E) Schematic of the Rayleigh-Bénard convection cells and optical microscope image of hot-cast perovskite processed by doctorblading. Republished with permission from ref 263. Copyright 2015 Royal Society of Chemistry.

beneﬁt of changing the solvent is that the ﬁlms deposited from
MA/ACN have a carrier lifetime (as measured by TRPL) over
20 times as long as a ﬁlm prepared from DMF, indicating that
this process is associated with fewer defects as well as improved
microstructure. The champion PSC fabricated using this
method reached PCE over 18%, attesting to the high quality
of the ﬁlms.257
The perovskite crystallization dynamics may also be aﬀected
by temperature. Although most spin-coating approaches take
place at room temperature, heating the substrate before
solution deposition can drastically change the ﬁlm morphology. Nie et al.258 detailed a “hot-casting” approach (Figure
21A) in which the substrate is heated to 180 °C immediately
prior to spin-casting of a 1:1 PbI2:MACl solution in DMF (the
solution itself is also maintained at 70 °C) and thereafter being
subjected to an anneal at 100 °C. This process yields an
unusual morphology, in which large, leaﬂike structures nearly a
millimeter across cover the substrate (Figure 21B). As noted in
section 3.1.1, classical theory suggests that suppression of the
thermodynamic driving force for nucleation as well as
enhanced diﬀusivity will strongly favor growth over nucleation
at higher temperatures. Meanwhile, the hot substrate can also
cause dewetting of the precursor solution on the substrate due
to the high interfacial energy.259,260 In other words, the contact
angle (θ) in eq 7 will be altered due to the hot substrate. These
dynamics might plausibly lead to the observed microstructure,
wherein sparsely distributed nuclei grow rapidly to extreme
size. Nevertheless, ﬁner structure is in fact evident within the
large domains (Figure 21, panels C and D), as conﬁrmed by
several other groups.261,262 It is most probable that they are
composed of “sub-grains” with much smaller size than the
apparent domain size. This discrepancy may be explained by
noting that the “hot-casting” approach does not take place
under conditions remotely approximating thermal equilibrium.
Although the substrate is hot, it is presumably placed on a
room-temperature vacuum chuck and then covered with
solution that is nominally more than 100 °C cooler. Therefore,
the thermal gradient, causing ﬂuid convection as shown in
Figure 21E, may dominate the crystallization dynamics as
much as or more than the nominal temperature. These results
may be better interpreted by the explanation of Deng et al.,263

than those produced by conventional one-step processing,
indicating a reduction in the trap density of these ﬁlms that
complements the improved morphology.255
Another way to circumvent the growth of large, high-aspect
ratio intermediates is to alter the solution chemistry, as by
replacing DMF with the much less polar 2-methoxyethanol
(2ME).256 PbI2 dissolves only sparingly in 2ME by itself but
relatively well if codissolved with MAI, indicating that
coordination with the solvent is limited relative to that with
MAI. Correspondingly, the coverage of ﬁlms processed from
2ME is superior to that of those from DMF, although far from
perfect. Rather than consisting of dendrites comprised of
smaller grains, the microstructure of the 2ME ﬁlms appears to
consist of roughly spherical aggregates that are themselves
comprised of smaller grains. This feature may indicate that
colloids forming in the 2ME solution simply prefer a more
isotropic shape than those that form in DMF, and it reﬂects the
dominance of the MAI-mediated coordination as opposed to a
direct Pb-solvent bond. Alternatively, the lower boiling point of
2ME in conjunction with the lower solubility of the precursors
in this solvent may assist in more rapidly reaching supersaturation during deposition, thereby increasing the nucleation
density.
Another example of how modifying the solvent can be
eﬀective in improving the perovskite microstructure is the use
of a saturated mixture of methylamine (CH3NH2 or MA0) in
acetonitrile (ACN).257 Unlike 2ME, ACN is incapable of
appreciably dissolving PbI2 even in the presence of MAI;
however, the bubbling of MA0 gas into the solvent allows PbI2
to go into solution. Most likely, the enhanced solubility is
connected with the ability of MAPbI3 to form a liquid “melt” of
MAPbI3·xCH3NH2,180 which is evidently miscible with ACN.
Spin-casting from this solution yields ﬁlms with a compact
microstructure, uniform coverage, and grains with reasonably
large apparent size closely resembling those prepared by
solvent engineering (and even smoother than those obtained
using a conventional solvent engineering method). In this case,
the perovskite appears to crystallize directly during spincoating, as the XRD pattern of an unannealed ﬁlm contains
peaks only belonging to MAPbI3 (although the formation of an
amorphous intermediate cannot be discounted). An additional
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Figure 22. (A) Schematic of perovskite-solvent nucleation and growth during the spin-coating of MAPbI3 from DMF solution; (B) photographs
demonstrating the eﬀects of solvent wash timing in the solvent engineering process: washing too early is characterized by macroscopic
nonuniformity (spirals or streaks), while washing too late yields matte ﬁlms similar in appearance to the unwashed ﬁlm; (C) AFM images reveal
that ﬁlms washed near the gelation point (∼4 s) have a compact microstructure, while those washed too late have a rodlike microstructure
resembling that of ﬁlms prepared by simple spin-coating. Republished with permission from ref 190. Copyright 2016 Royal Society of Chemistry.

principle of this approach is that application of the antisolvent
accelerates supersaturation of the precursor solution by two
mechanisms: (i) driving out the solvent much faster than it
would evaporate by itself (increasing the precursor-solution
concentration C in eq 6) and (ii) reducing the intrinsic
precursor solubility in the remaining solution upon mixing of
antisolvent into it (reducing the equilibrium concentration Cs
in eq 6). This drives a rapid “burst” of nucleation, and thus, the
high nucleation density so obtained yields a ﬂat and uniform
perovskite ﬁlm with a compact, pinhole-free microstructure
(Figure 20, panels E and F). The initial report of this method
detailed what were at the time record-setting performance
PSCs,24,148 and “solvent-engineering” has remained at the
forefront of perovskite research ever since, yielding many
devices with PCE of over 20%.25,26,29,89,266 It is also a highly
versatile technique, adaptable to many diﬀerent perovskite
systems and many diﬀerent device architectures. The
consistency of ﬁlm morphology across diﬀerent substrates
may be rationalized in the context of eq 6, wherein application
of the antisolvent sharply depresses the solubility of the
precursors, thereby increasing the saturation ratio and
therefore reducing the critical radius r* for nucleation. The
rapid formation of densely packed nuclei accounts for the
characteristic morphology comprised of densely packed grains.
Increasing the saturation ratio also boosts the magnitude of the
volumetric contribution to the free energy change in eq 6,
reducing the inﬂuence of the surﬁcial term and thus reducing
the relative importance of the substrate in controlling the
formation of the ﬁlm.

who observe similar morphology in doctor-bladed (see section
4.3.1) perovskite ﬁlms on hot substrates. They attribute these
patterns to Rayleigh-Bénard convection behavior driven by the
temperature diﬀerence between the substrate and ambient air,
with the edges of the “leaves” corresponding to the boundaries
of adjacent convection cells (Figure 21E).263 Nevertheless,
hot-casting is clearly a successful approach toward attaining
uniform ﬁlm coverage via a one-step spin-coating process, and
the champion PCE of 18% is clear evidence of their quality.258
As a ﬁnal note, an alternative means of modulating
crystallization kinetics without changing the solvent is to
change the stoichiometry and/or chemistry of the precursors.
Doing so can have a signiﬁcant impact on whether and which
intermediate phases form, and it provides a means of
inﬂuencing the nucleation behavior of the perovskite. These
methods are covered more extensively in section 6, as well as
other additives that have been used to alter the microstructure
or other ﬁlm properties.
4.1.2. “Solvent Engineering”/Antisolvent Washing. A
slight modiﬁcation to the simple spin-coating procedure that
has been used extensively in recent literature and proven highly
eﬀective for the fabrication of high-eﬃciency PSCs, including
the current published record as of this writing,265 is frequently
termed solvent engineering, in reference to the ﬁrst paper to
report this technique.148 In this procedure, most typically a
stoichiometric solution of the perovskite precursors is prepared
and spin-coated as above. While the substrate is spinning, a
nonpolar antisolvent (e.g., toluene, chlorobenzene, or diethyl
ether) is dripped onto the substrate (Figure 20B). The basic
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Whether present in exact stoichiometry or not, the
formation of the organic iodide-PbI2-DMSO intermediate of
some type appears to be central to attaining PCE above 20%
via solvent engineering, as many reports of such cells
demonstrate.25,26,29,89,265−267 Bai et al.268 studied the eﬀects
of diﬀerent DMF/DMSO ratios used in the MAPbI3 solvent
engineering precursor solution and determined that it was
desirable to tune this ratio, such that a ﬁlm containing only
(MA)2Pb3I8·2DMSO as the crystalline phase was formed
immediately after spin-coating. Among DMSO:PbI2 concentration ratios of 0, 1, 4.2, 10, and 14.1/pure DMSO solvent (at
a ﬁxed molarity of 1 M, with the remainder of the solvent made
up by DMF), DMSO:PbI2 = 4.2 and 10 led to a pure
(MA)2Pb3I8·2DMSO precursor ﬁlm, while the others contained some amount of MAPbI3. (Why MAPbI3 appears in the
ﬁlm prepared from the pure DMSO solvent is not entirely clear
but may stem from an interaction between MAI and DMF that
prevents the former from reacting with (MA)2Pb3I8·2DMSO.)
These ratios also led to the strongest tet(110) peaks in the
XRD pattern of the ﬁnal perovskite ﬁlm, as well as the largest
apparent grains in a compact network. Cross-sectional SEM
observations of the ﬁnal perovskite ﬁlms showed a high density
of pinholes and voids in the ﬁlm processed without DMSO,
especially at the interface, while those processed with DMSO
were much more compact. On the basis of these observations,
Bai et al.268 suggest that, in the absence of DMSO, application
of the antisolvent causes crystallization of the perovskite to
propagate from the top surface of the ﬁlm rather than from the
substrate, leading to poor contact at the bottom surface.
Formation of the (MA)2Pb3I8·2DMSO intermediate, on the
other hand, presumably allows the perovskite to begin
crystallizing from the bottom surface when the precursor ﬁlm
is heated from below (i.e., during the annealing step rather
than the antisolvent application step), desorbing DMSO in a
slower and gentler manner that improves the crystallinity of the
ﬁnal perovskite. Alternatively, as noted in section 3.1.2.1, strain
caused by the volume contraction from MAPbI3·DMF to
MAPbI3 may lead to interfacial delamination, while the similar
densities of (MA)2Pb3I8·2DMSO and MAPbI3 may result in
less strain as the ﬁlm forms. Bai et al.268 further posit that a
phase-pure intermediate is desirable because the bottom-up
crystallization of the perovskite should lead to large, columnar
grains with few horizontal grain boundaries. If MAPbI3 is
already embedded within the precursor ﬁlm, these inclusions
will grow in all directions and interfere with the perovskite
crystallizing upward from the intermediate, presumably leading
to a denser network of grain boundaries. The concentrations
using DMSO:PbI2 ratios that yielded optimal morphology (i.e.,
4.2 and 10) also yielded the highest PCE when the ﬁlms were
integrated into PSCs. An additional beneﬁt of large DMSO
component in the solvent is broadening of the antisolvent
dropping window during which acceptable ﬁlms may be
produced, which is attributed to the enhanced stability of the
(MA)2Pb3I8·2DMSO intermediate in the presence of a large
amount of DMSO.189,268,269 Furthermore, decomposition of
(MA)2Pb3I8·2DMSO has been suggested to improve the
mobility of grain boundary motion through the local
dissolution of MAPbI3 in the evolved DMSO vapor (eﬀectively
solvent annealing the perovskite, as discussed further in section
5.1.2).270 Thus, the formation of an intermediate phase during
the solvent engineering process appears to be quite important
for the formation of a compact ﬁlm with large grain size and

While solvent engineering is a reliable and portable process,
some ﬁnesse is required to wash the substrate at the correct
time. The ordinary one-step spin-coating method may be
thought of as a sol−gel process wherein the precursor ﬁlm
transitions from a colloidal solution of perovskite-solvent
intermediates (the sol) to a network of the colloids that still
incorporates the solvent (the gel) but is more mechanically
rigid and well-bonded to the substrate (as shown schematically
in Figure 22A).190 The existing nuclei then grow by consuming
the available nutrients in the remaining precursor solutions and
transform to the perovskite through evolution of the solvent. It
is critical to wash the substrate with the antisolvent as close as
possible to the gelation point, as doing so allows the
antisolvent to easily permeate and remove solvent from the
ﬁlm through the channels in the gel, while the elastic nature of
the precursors in the gel state resists ablation by the antisolvent
jet. If the antisolvent is applied too early, the gel will not have
completely formed and the ﬁlm will show signs of damage,
ranging from extreme nonuniformity to smaller scratches or
spirals (Figure 22B). On the other hand, if the antisolvent is
applied too late, ﬁlm formation will proceed as if the substrate
had not been washed at all, yielding ﬁlms that are eﬀectively
identical to those produced by the simple spin-coating process
described in the previous section (Figure 22C).190
The ideal washing time/gelation point will generally be
unpredictable, varying not only according to the solvent,
concentration, and spin-speed, but also with more subtle
variables characteristic of the ambient environment (e.g.,
temperature, presence of other solvent vapors in the deposition
chamber). Fortunately, a simple rule can guide the devicemaker, as the diﬀerent stages of the sol−gel process are readily
visible. In particular, an abrupt transition of the ﬁlm from
transparent to hazy can be observed while it spins. The
gelation point occurs roughly 1−2 s before this transition, so
the antisolvent should be applied at this point. Kerner et al.190
report good reproducibility of this protocol across ﬁlms
fabricated at diﬀerent laboratories using diﬀerent tools.
As with the basic spin-coating process, the choice of the
perovskite precursor solvent can be important in solvent
engineering processes. In the original paper that introduced the
technique as applied to PSCs, Jeon et al.148 indicated that
formation of a MAI-PbI2-DMSO intermediate (the XRD
pattern of which indicates that it is likely (MA)2Pb3I8·
2DMSO188) was a critical factor in attaining high-quality
ﬁlms. Ahn et al.170 observed that, while ﬁlms prepared from
precursor solutions using only DMF as the solvent often had
pinholes, addition of DMSO to the solution yielded more
uniform ﬁlms. The authors of this study also found that the
latter ﬁlms consisted of a DMSO-containing intermediate
phase immediately after spin-coating, but that this phase could
be converted to MAPbI3 by a brief postanneal. Although Jeon
et al.148 also observed similar formation of intermediate phases,
their solvent/antisolvent combination (DMSO:GBL/toluene)
was completely miscible; consequently, the DMSO content of
the as-spun ﬁlm could be highly dependent on how the
antisolvent was applied.148 By contrast, Ahn et al.170 used
diethyl ether, miscible with DMF but not DMSO, as the
washing solvent, proposing that the exact stoichiometry of
MAI:PbI2:DMSO present in solution should be largely
preserved in the as-deposited ﬁlm. In this manner, they
obtained an average PCE above 18% among 41 cells, with a
champion cell of 19.7%, at the time a high value for PSCs
prepared using a one-step fabrication procedure.
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Figure 23. Antisolvent/solvent extraction process: (A) the precursor solution is coated onto the substrate by a deposition approach such as spincoating or doctor-blading, which is then immersed in an antisolvent bath containing, for example, diethyl ether, which extracts the perovskite
solvent from the ﬁlm; (B) the remaining solvent in the ﬁlm diﬀuses into the antisolvent bath, inducing crystallization of the perovskite; (C) typical
morphology of a MAPbI3 perovskite thin ﬁlm deposited by antisolvent/solvent extraction exhibits compact grain structure. Republished with
permission from ref 150. Copyright 2015 Royal Society of Chemistry.

process. Liu et al.272 have demonstrated that while the
traditional solvent engineering process developed for Pbbased perovskites does not yield perfect coverage in the case of
FA0.75MA0.25SnI3, increasing the temperature of the antisolvent
to 65 °C or above allows a conformal morphology to be
recovered. This eﬀect was attributed to improved miscibility of
the chlorobenzene antisolvent with the DMSO solvent;
however, DMSO is already miscible with chlorobenzene at
room temperature. Therefore, this explanation may not fully
account for the improved coverage. As discussed previously
(eq 9 and Figure 7D), the maximum nucleation rate may occur
at that temperature,143,153,154 providing a possible alternative
explanation. However, further work will be needed to
distinguish which of these eﬀects is more important.
4.1.3. Gas-Quenching. Closely related to solvent engineering is the gas-quenching technique, in which the
antisolvent is replaced with a blast of inert gas such as Ar or
N2.273 The gas serves essentially the same purpose as the
antisolvent, promoting rapid supersaturation of the solution
and leading to ﬁlm morphologies that are essentially identical
to those produced by solvent engineering. Note that
supersaturation in this case is stimulated solely by rapidly
increasing the concentration through accelerated evaporation
of the solvent rather than simultaneously reducing the
solubility limit as in solvent engineering. While not nearly as
widespread as solvent engineering, the PCE of devices
produced by gas quenching appear to be compatible with
similar performance levels, with reasonably large-area (0.5
cm2) devices reaching 20%.274 Gas-quenching also appears to
be portable to other perovskite compositions, having been
successfully applied to both MA- and FA-based perovskite
systems.273,274 By removing the need for the antisolvent, gasquenching reduces the dependence of the fabrication process
on toxic or otherwise hazardous solvents (such as chlorobenzene, toluene, or diethyl ether), a compelling advantage in
terms of both material costs and safety concerns.
4.1.4. Anti-Solvent/Solvent Extraction. A similar
approach to solvent engineering applies the antisolvent not

good interfacial bonding to the substrate, which is crucial for
the operation of optoelectronic devices.
The chemistry of the antisolvent is also important to the
deposition process. In their early study, Xiao et al.149
investigated 12 diﬀerent solvents, ﬁnding that short-chain
alcohols (methanol, ethanol, and ethylene glycol) yielded only
PbI2 ﬁlms due to the high solubility of MAI; tetrahydrofuran
and nitriles (benzo- and aceto-) yielded nearly transparent
ﬁlms of unclear composition; isopropanol and chloroform
yielded good grain structure but macroscopic nonuniformity in
the center of the substrate; but aromatics (xylene, toluene,
chlorobenzene) yielded both uniform coverage and good grain
structure. Bu et al.271 used nontoxic, nonpolar ethyl acetate to
fabricate cells with PCE up to 19.4%, with perovskite layers
adopting the characteristic close-packed grain structure. Paek
et al.267 studied the eﬀect of using several nonpolar
antisolvents in the deposition of mixed-composition (FAPbI3)0.85(MAPbBr3)0.15 and found that it is better if the washing
antisolvent is both miscible with the perovskite solvent and has
high boiling point. Somewhat contrary to the ﬁndings of Ahn
et al.,170 Paek et al.267 found that solvents such as diethyl ether
and p-xylene, which are not miscible with DMSO, led to lowerperforming PSCs than those that are, such as chlorobenzene,
toluene, or triﬂuorotoluene (TFT). The lower performance of
the devices fabricated from ﬁlms washed with the former
solvents may be explained in part by the reduced absorbance
and increased roughness of these ﬁlms. Additionally, the use of
highly volatile solvents, such as ether, may lead to macroscopic
nonuniformity that can hurt performance. The best-performing
devices in this study were produced using TFT (best PCE >
20%), although even the ether-washed devices were able to
yield reasonably good performance levels (best PCE >
17%).267 Overall, solvent engineering is a highly reliable
process for producing high-quality ﬁlms, but as with all
deposition methods, it requires careful reﬁnement of
processing parameters in order to yield high performance.
As a ﬁnal note, the temperature of the antisolvent can also
be a useful variable for obtaining further control over the
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long enough to be transferred from a ﬁlm production line to
the antisolvent bath. Nevertheless, this challenge is surmountable: the most successful single-junction cell prepared using
antisolvent/solvent extraction was prepared initially by doctorblading (see section 4.3.1) rather than spin-coating from a
compound NMP-DMF solvent, whose high boiling point
allows high tolerance for time delay between blade-coating and
immersion into the ether bath.277 The antisolvent/solvent
extraction process, when complemented with an MACl
additive to the perovskite solution, yields large, well-connected
grains (which appear to be well over 1 μm) and a best PSC
eﬃciency of over 19%.277 Overall, the antisolvent/solvent
extraction process appears to be quite promising for
application of the mechanisms at work in the highly successful
solvent engineering process to large-area devices.
4.1.5. Drop-Casting. A very simple method of solutionprocessing perovskites, albeit one that does not generally
produce well-formed thin ﬁlms per se, is to simply deposit the
precursor solution onto a substrate and let the solvent
evaporate naturally or under the inﬂuence of a mild anneal.
This method has been successfully applied to an allmesoporous architecture in which the entire device consists
of a mesoporous scaﬀold on an FTO/glass substrate composed
of an ETL (usually mesoporous TiO2), a porous graphitic
carbon electrode, and a nonconductive layer (usually ZrO2)
separating the ETL from the electrode.278−280 A mesoporous
HTL (such as NiOx) may also be inserted, and some of the
highest performing PSCs of this variety (reaching nearly 15%
PCE) include this layer.281 The mesoporous layers are
fabricated ﬁrst (including the top carbon electrode), and
deposition of the perovskite by drop-casting completes the
device. As is the case for other architectures, perovskite
deposition may be separated into one-step or two-step
deposition approaches, the latter of which will be discussed
in section 4.2. The drop-casting method is enabled here mainly
because the crystallization of perovskite is fully constrained
within the thick, multiple mesoporous layers, unlike the typical
planar thin ﬁlm device structure. While these cells possess only
modest PCE, they enjoy the remarkable distinction of high
stability in the ambient (no drop in PCE while exposed to 1sun illumination in ambient air for >1000 h), perhaps because
the thick (∼10 μm) carbon electrode oﬀers a high degree of
resistance to moisture. The authors of the ﬁrst study propose
that the addition of small amounts of 5-ammoniumvaleric acid
(5-AVA) cations is important for improving pore ﬁlling and
interface bonding, under the hypothesis that the carboxyl
group anchors to the metal oxide scaﬀold, while the
ammonium group bonds to the perovskite.278 In other
words, the 5-AVA ions eﬀectively reduce the surface energy
γSC of the perovskite−TiO2 interface (per eq 28), increasing
the strength of the ﬁlm−substrate bonding. A later report
suggested that an additive of guanidinium chloride (NH2C(
NH)NH2·HCl) could serve a similar function while also
suppressing SRH recombination, boosting performance of the
HTL-free mesoporous cells to >14%.279 Somewhat surprisingly, the best-performing cells of this type are fabricated using
a moisture-assisted process, wherein an additive to the
perovskite precursor, NH 4 Cl, is claimed to form an
intermediate phase within the pores of the scaﬀold. This
intermediate phase is then converted into perovskite under
exposure to moist air, evidently by deprotonation of the
ammonium ion to yield volatile ammonia and hydrogen
chloride gases that evolve from the scaﬀold.280 The resulting

during spin-casting (or ﬁlm deposition), but afterward, through
immersion in a bath of the antisolvent (Figure 23, panels A and
B).150 The same principle as in solvent engineering/gasquenching is at work here (i.e., exchange of the solvent for an
antisolvent drives up the saturation ratio in the precursor
solution), leading to rapid and uniform nucleation of the
perovskite grains. This antisolvent, which must again be
miscible with the solvent but not dissolve the perovskite,
extracts the solvent from the preperovskite ﬁlm within seconds
to a couple of minutes, leaving a perovskite ﬁlm of similar
microstructure to those produced by solvent engineering
(Figure 23C). This method, ﬁrst reported by Zhou et al.150
using NMP and diethyl ether as solvent and antisolvent,
respectively, oﬀers some advantages over solvent engineering,
as it (i) avoids the diﬃculty of precisely timing and uniformly
applying the antisolvent (which can reduce reproducibility),
(ii) reduces the chance of ﬁlm damage by the high-speed
interaction of the solvent jet with the rapidly spinning ﬁlm,
(iii) can be carried out at room temperature, and (iv) is
compatible with roll-to-roll manufacturing processes, as the
perovskite precursors need not be deposited by nonscalable
methods such as spin-coating. The initial report yielded
respectable PSC performance, with the PCE of the devices
prepared by antisolvent/solvent extraction rising above
15%.150 The kinetics of antisolvent/solvent extraction can
also be controllable (e.g., by introduction of stirring in the
antisolvent bath), thereby accelerating the extraction of the
excess solvent in the ﬁlm and thus the perovskite nucleation.275
Use of this technique contributes to the formation of smoother
perovskite ﬁlms, and it is especially useful for depositing
perovskites that exhibit intrinsically rapid growth behavior,
such as Br-rich perovskites.275
Antisolvent/solvent extraction, though less widely used than
solvent engineering, appears to be similarly versatile in its
ready application to other perovskite systems. Eperon et al.276
prepared low band gap FA0.75Cs0.25Pb0.5Sn0.5I3 ﬁlms through
immersion in an antisolvent bath, which could be integrated as
an absorber into single-junction PV cells reaching almost 15%
PCE or used as the bottom cell in a 2-terminal (4-terminal)
tandem cell reaching 17% (>20%) (the top cell is prepared by
solvent engineering). Some care must be taken, however, when
considering other perovskite compositions besides MAPbI3, as
the transport properties of diﬀerent ions can change the
crystallization dynamics, leading to substantial changes in
morphology. For example, the higher diﬀusivity of Br− relative
to I− results in pinholes in mixed-halide perovskite ﬁlms.275 Per
eq 10, the growth rate of a nucleus (assuming diﬀusion-limited
island growth) is proportional to the diﬀusivity of the species
involved.159 As grain growth becomes more favorable relative
to nucleation, the grains become larger but also more
disconnected.275 This problem may be surmounted, however,
by increasing the rate at which the solvent is removed from the
precursor ﬁlm into the antisolvent bath, which can be simply
accomplished by stirring the bath. Agitation of the bath adds a
convective component to the mass transfer of the NMP solvent
out of the ﬁlm, improving the favorability of nucleation and
density of crystallites, recovering the desirable morphology of
the pure iodide perovskites prepared by antisolvent/solvent
extraction.275
A key advantage of antisolvent/solvent extraction is that it
allows the beneﬁts of solvent engineering to be extended to
scalable deposition techniques. Adaptation of this technique
does require design of a solvent that allows the ﬁlm to stay wet
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small grain size. Vapor-deposition presents another challenge,
as it is particularly diﬃcult to control the evaporation rate of
MAI since conventional quartz crystal thickness monitors do
not provide reliable readings for this volatile material.285 MAI
evaporation is therefore often handled using open-loop
control, in which a certain source temperature is set for the
duration of the deposition.283,284 Despite these challenges,
PSCs prepared by coevaporation are approaching parity with
their solution-processed analogs, with several reports of PCE
exceeding 20%.284,286
An early example of vapor-phase deposition involved layered
perovskite structures deposited by a simpliﬁed variant of
coevaporation (termed single-source thermal ablation or
SSTA), wherein the precursors are deposited on a tantalum
sheet, which functions similarly to a boat in conventional
thermal evaporation.287 Rather than being evaporated at
controlled deposition rates, however, the precursors are rapidly
vaporized by passing a large current (80−90 A) through the
sheet over a matter of seconds. The rapidity of SSTA is key to
its success, as the precursors can vaporize and reassemble on
the substrate without substantial decomposition if heated
suﬃciently quickly. Film thickness for SSTA is controlled by
the amount of the precursor material initially deposited on the
tantalum sheet and/or by controlling the source-to-sample
distance during the deposition. This process has been used to
successfully fabricate photoluminescent ﬁlms of (BA)2SnI4,
(PEA)2PbI4, and (PEA)2PbBr4, the latter of which are also
electroluminescent at liquid nitrogen temperature.287 SSTA is
also suitable for producing Ruddlesden−Popper perovskites
such as (BA)2MASn2I7,287 as well as incorporating particularly
large organic cations (which present problems for solution
processing due to their aﬃnity for nonpolar rather than polar
solvents) into the perovskite structure.23,288,289 In particular,
room-temperature electroluminescence could be obtained
from a SSTA-deposited ﬁlm of a quaterthiophene-derived
perovskite, (H3 NC2H4 −C16H8S4 −C2 H4NH3)PbCl 4, concretely demonstrating the advantages of this process for the
formation of these complex hybrid structures.23 SSTA has also
been applied to the deposition of MAPbI 3 , yielding
homogeneous ﬁlms with compact grain structure, similar to
that obtained by coevaporation.290 The performance of PSCs
made using the resulting ﬁlms, however, did not display an
advantage over coevaporation, reaching a level of ∼12%.290
Overall, the most compelling beneﬁt of SSTA is the ability to
integrate organic compounds of great complexity into the
perovskite structure and to do so by way of a relatively simple
and quick process.
4.1.7. Pulsed Laser Deposition (PLD). Another deposition technique that can address the challenge of accurately
controlling the deposition rate of the organic component is
PLD. PLD resembles SSTA and thermal evaporation in that
the precursors are rapidly projected from a source onto a
substrate in vacuum, but the energy required to vaporize them
is provided by a UV laser striking the material rather than a
more conventional heat source (Figure 25A). The use of the
UV laser, however, introduces a complication in that the
ablated particles are considerably more energetic than those
that are thermally evaporated and can sputter material
(particularly volatile organics such as MAI) from the surface
of the substrate. As a result, the use of a stoichiometric target
of MAI and PbI2 leads to ﬁlms that essentially only consist of
PbI2.291 This problem can be mitigated by changing the
substrate orientation [i.e., substrates may be mounted either

PSCs have a champion PCE of 15.6% and high (though only
up to a certain point) air-stability. The best-performing cells
are exposed initially to relative humidity of 45% to complete
the removal of NH4Cl then kept thereafter at 35% RH.280 Cells
exposed to relative humidity at 55% or above degrade
noticeably over the course of a few days (after initial
improvement), demonstrating the limits of this architecture’s
ability to preserve the integrity of the absorber.280
4.1.6. Dual-Source and Single-Source Evaporation.
One of the earliest reports of eﬃcient PSCs detailed perovskite
ﬁlms produced not by solution-processing but rather by vapor
deposition (still, however, a one-step deposition), wherein the
perovskite precursors are thermally evaporated or sublimed in
a vacuum chamber and collect on a substrate mounted at the
top of the chamber (Figure 24A). Liu et al.193 demonstrated

Figure 24. (A) Coevaporation process: substrates are ﬁxed to a
rotating platen at the top of a vacuum chamber, facing downward; the
component halides AX and BX2 are heated from boats or crucibles at
the base of the chamber, vaporizing and traveling to the substrate,
where they react to form the desired perovskite phase. (B) SEM
image of perovskite deposited by coevaporation, showing a compact
and uniform microstructure with small apparent grain size. Reprinted
with permission from ref 193. Copyright 2013 Macmillan Publishers
Ltd.

that coevaporation of MAI and PbCl2 sources could lead to
highly uniform ﬁlms (though with small apparent grain size, on
the order of few hundred nanometers) (Figure 24B) and that
PSCs fabricated using these ﬁlms could reach a champion PCE
of 15.4%. Subsequent reports using essentially the same
process (in some cases PbI2 is used as the inorganic source as
well) have yielded similar ﬁlm morphology.282−284
An advantage to vapor-based deposition that complements
the relative ease of preparing uniform perovskite ﬁlms is that
they are not as sensitive to the presence of substrate defects
(such as pinholes or dust particles) that interfere with the ﬂow
of the solution nor to the problems presented by nonuniform
evaporation of the solvent. Indeed, the removal of the need for
toxic solvents is another compelling argument for preferring
vapor-deposition methods. The limitations of vapor-phase
processing are also clear. As noted in section 3.1.3, there is a
lack of understanding regarding the basic mechanisms of
crystallization from the vapor phase. However, the origin of
compact but small grains in the coevaporated ﬁlms is easily
rationalized, since coevaporation of the precursors should lead
to a high and uniform density of nucleation sites on the
substrate, leading to the compact grain structure. Since the
perovskite synthesis reaction is extremely favorable, nucleation
should proceed faster than growth of the grains, leading to the
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Figure 25. Laser ablation techniques for thin ﬁlm deposition. (A) In the pulsed-laser deposition process, a laser is directed at a solid target
composed of the precursor materials, generating a plume of ablated material that collects on the substrates, reassembling to form ﬁlms of the
desired composition. Samples may be mounted on- or oﬀ-axis, aﬀecting the plume-substrate interaction. (B) Microstructure of a MAPbI3 ﬁlm
deposited by oﬀ-axis PLD, showing the pillared microstructure and void pattern in cross-sectional and top-down (inset) SEM images. Adapted
from ref 291. Copyright 2015 American Chemical Society. (C) In the resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE)
technique, the solid target is replaced with a cryogenically frozen solution of the precursor, and the laser energy is selected for resonance with the
chemical bonds of the solvent, avoiding damage to the precursors. Reprinted with permission from ref 292. Copyright 2018 Springer Nature. (D)
Microstructure of a MAPbI3 ﬁlm deposited by RIR-MAPLE, demonstrating similar compact, apparently small-grained morphology similar to that
yielded by thermal coevaporation. Adapted from ref 293. Copyright 2018 American Chemical Society.

the mixed-halide (I−/Cl−) target exhibited relatively low PCE,
∼7%.291 The authors also investigated the on-axis conﬁguration, ﬁnding that a much larger ratio of 18:1 MAI:PbI2
could compensate for the loss of the organic component, but
that heating of the substrate at 90 °C during the deposition
was needed to obtain a stoichiometric ﬁlm. A subsequent study
of on-axis deposited ﬁlms found that a softening atmosphere of
Ar/H2 (90/10 mixture) could help avoid loss of the organic
component, and that pure MAPbI3 ﬁlms could be deposited
from a target composed of a 12:1 ratio of MAI:PbCl2.294 The
morphology of these ﬁlms is much closer to those produced by
thermal evaporation (apparently small, compact grains with
few voids or pinholes).294 Perhaps as a result of the improved
morphology, the performance of the best PSC generated by
this process reached almost 11%, though this device also
possessed signiﬁcant hysteresis, and the stabilized PCE was not
reported.294 The overall similarity of the ﬁlm morphology
prepared by PLD and by thermal coevaporation is not
surprising in view of the similarity of the deposition conditions
(simultaneous deposition of the perovskite precursors on the
substrate leading to fast nucleation but slower growth). The
discrepancy among performance levels may instead be due to
the higher energy of the particles bombarding the substrate,
which may not only sputter oﬀ the lighter organics but also

on-axis (facing the target) or oﬀ-axis (perpendicular to the
target)] (Figure 25A). The oﬀ-axis conﬁguration lessens the
eﬀects of high-energy particles impacting the ﬁlm as it grows,
allowing phase-pure MAPbI3 ﬁlms to be grown at a MAI:PbI2
stoichiometry in the target of only 4:1 (generally, a more MAIrich stoichiometry would be needed for PLD).291 The
morphology of these ﬁlms is somewhat unique, with SEM
images indicating a pillared structure, although it is not clear
whether the pillars are single grains or are themselves
composed of smaller crystallites (Figure 25B). There also
appear to be pillar-shaped voids in the ﬁlms, which are visible
both in cross-section and top-view images. Interestingly, the
addition of Cl− to the target yields a similar morphology as
seen from top-view images; however, in cross-section the ﬁlms
present a bilayer structure (i.e., a region near the substrate
composed of apparently very small, tightly packed grains, and a
region above that possessing a similar pillared structure to the
pure iodide perovskite, but with the pillars inclined about 30°
from vertical). Even more intriguing is that addition of F−
instead of Cl− appears to recover the morphology of the pure
iodide. Unfortunately, no explanation is oﬀered for the
chemistry-induced changes in morphology. The presence of
voids combined with the small grain size calculated from the
XRD patterns (<100 nm) suggest that these ﬁlms are not ideal
for integration into devices, and indeed PSCs prepared using
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higher impurity levels compared to spin-coating, MAPbI3 ﬁlms
prepared by RIR-MAPLE have comparable optoelectronic
properties to spin-cast perovskite and do not suﬀer from
especially high trap densities, as evidenced by a PL lifetime of
∼70 ns and PCE of 12% attained in the ﬁrst and so far only
report of MAPbI3 PSCs with absorber deposited by RIRMAPLE.293 This deposition method as applied to halide
perovskites is still relatively untested, and it is likely that further
investigation into target preparation and composition may lead
to ﬁner control of ﬁlm morphology and purity.
4.1.9. Capillary Thin Film Growth. An inventive method
for the fabrication of self-encapsulating, industrially compatible
PSCs involves fabricating two half-cells (i.e., anode/ETL on
one substrate, cathode/HTL on another), stacking them in a
sandwich conﬁguration, inﬁltrating a solution of the perovskite
precursors between them, and driving out the solvent under a
combination of light mechanical pressure (by clamping the
substrates together), heat, and vacuum (by placing the
structure in a vacuum oven at 100 °C for 12 h).296,297 While
PSCs produced by this method yielded PCE no better than
∼13%, the paucity of such reports leave room for the
possibility that further optimization of the processing or
device architectures might lead to further improvements.
Unfortunately, the nature of the self-encapsulating process also
complicates key ﬁlm characterization techniques such as SEM
and XRD, so accurate processing-morphology relationships
may be more diﬃcult to obtain. Nevertheless, since the
crystallization of perovskites occurs in a relatively conﬁned
environment, it is envisioned that the grain growth of
perovskites will be suppressed, leading to microstructures
with relatively ﬁne grains, a hypothesis that awaits experimental
validation.
Along similar lines, Chen et al.298 have reported a method
that can allow the growth of perovskite thin ﬁlms with large
apparent lateral grain size. In this method, two ﬂat substrates
are clamped together and immersed in a heated perovskite
precursor solution, causing the solution to ﬂow upward into
the gap between the substrates (which can be tuned by varying
the clamping force). Chen et al.298 suggest that, due to the
elevation of the substrates above the heated solution, the
solution cools as it rises. They also suggest that the resulting
reduction in the equilibrium solubility limit CS causes the
precursors to precipitate onto the substrate (or existing
nuclei), while convection driven by the thermal gradient
replenishes the precursors necessary for continued growth
from the bulk solution below. While plausible, this explanation
does involve a potential complication. Although it is generally
the case for many solvent−solute combinations that CS does
indeed increase as temperature rises, certain perovskite-solvent
combinations (including the ones used in the above study,
such as MAPbI3 in GBL or MAPbBr3 in DMF) exhibit
behavior wherein CS decreases with temperature (as noted in
section 3.1.1), a fact that has been exploited to rapidly grow
large single crystals.147 Thus, other mechanisms may explain
the supersaturation process in this system (e.g., supersaturation
may arise as the solvent escapes through the gap between the
substrates, as exposure to vacuum is also noted as an important
solvent-removal step). Regardless of the mechanism, it is clear
that MAPbX3 ﬁlms of high quality and apparent singlecrystalline nature can be prepared using this method.298 Chen
et al.299 have also explored this process and ﬁnd that the
character of the substrate can have an important impact on the
speed of precursor diﬀusion and hence the growth speed of the

possibly lead to detrimental point defects that act as
recombination sites.
4.1.8. Resonant-Infrared Matrix-Assisted Pulsed Laser
Evaporation (RIR-MAPLE). The problems of energetic
particle bombardment in PLD can be solved by a subtler
conﬁguration of the target-laser interaction, which forms the
basis for the resonant-infrared matrix-assisted pulsed laser
evaporation (RIR-MAPLE) technique295 (Figure 25C). If the
target is composed of a solution of the precursors rather than a
pellet of the precursors themselves and the laser energy is
resonant with one of the bonds in the solvent (generally
necessitating an IR wavelength) then ablation of the target
solution should proceed in a much gentler manner. The
solvent, rather than the precursors, accepts the majority of the
energy and vaporizes, carrying the precursors to the substrate
on the solvent plume. This method oﬀers a greater degree of
control over the composition of the ﬁlm compared to PLD,
since the stoichiometry of the precursors in the target solution
should be transferred to the substrate, even for relatively
volatile components like MAI. Indeed, Barraza et al.292
demonstrated that phase-pure MAPbI3 ﬁlms (as determined
by XRD) could be deposited using stoichiometric targets,
while MAI-rich targets yielded MAPbI3 ﬁlms with impurity
XRD peaks that could be assigned to (MA)4PbI6·2H2O,
indicating the transfer of excess MAI (the water in the hydrate
most likely originates from exposure of the ﬁlms to the ambient
air humidity during the XRD measurement). The morphology
of these ﬁlms is akin to that produced by both PLD and
thermal coevaporation, consisting of apparently small but
densely packed grains (Figure 25D). This microstructure may
again be rationalized by noting that, assuming that the
precursors transit to the substrate in a uniform beam,
nucleation of perovskite crystallites on the substrate should
occur uniformly and densely, leading to tightly packed small
grains. While the microstructure of the RIR-MAPLE ﬁlms is
similar to that of spin-cast ﬁlms prepared by solvent
engineering on microscopic scales, at larger scales (on the
order of tens of micrometers), the RIR-MAPLE ﬁlms are
signiﬁcantly rougher, comprised of a network of craterlike
features.293 This topography might indicate impact by solvent
or solution droplets, as a result of either incomplete
vaporization by the laser or else by coalescence of the solvent
while in transit from the target to the substrate.
One complication of RIR-MAPLE is that, while the target
solvent should be pumped away by the dynamic vacuum, it can
also co-deposit on the substrate along with the precursors. This
problem is exacerbated by the challenge of ﬁnding a suitable
solvent for the process. An Er:YAG laser, for example, emits at
a wavelength of 2.94 μm (or energy of ∼0.42 eV), which is
resonant with hydroxyl bonds, a convenient choice for waterbased solutions. For perovskites, however, water is an
undesirable solvent, and there are few OH-containing solvents
that can dissolve lead halide salts. Barraza et al.292 circumvented this challenge using a mixture of a good lead halide
solvent (DMSO) with a polar polyalcohol OH donor (ethylene
glycol or glycerol). The low vapor pressures of these solvents
leads to their incorporation into the ﬁlms; however, they can
be driven oﬀ through postannealing.292 While the presence of
DMSO is most likely benign, the eﬀects of residual polyalcohol
are less clear. Time-of-ﬂight secondary ion mass spectrometry
(TOF-SIMS) measurements of MAPbI3 ﬁlms grown by RIRMAPLE have also indicated elevated levels of Na, Ca, and Cl
relative to those prepared by spin-coating.293 Despite the
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Figure 26. (A) Melt-processing technique: perovskite or unreacted precursor powder is placed on a substrate; the substrate is heated to melt the
powder and is capped by a superstrate; the sandwich structure is cooled, with possible application of pressure; the melt resolidiﬁes upon cooling,
leaving a perovskite ﬁlm that fuses the sub- and superstrates. (B) Microstructure of (β-Me-PEA)2PbI4 thin ﬁlm deposited by melt-processing (scale
bar: 50 μm), showing grains that appear to be extremely large yet remain compact. Reproduced from ref 300. Copyright 2017 American Chemical
Society.

using spin-cast active layers, presumably as a result of the larger
apparent grain size (on the order of 1−10 μm) provided by the
melt-processed ﬁlms.20 This improvement in apparent grain
size can be considered a consequence of the reduced
competition between decomposition and grain growth at
higher temperatures, allowing an increase in the grain
coarsening rate constant K5 (eq 26) without breaking down
the perovskite. Melt-processing carries an additional advantage
in that the lamination process is self-encapsulating, since the
top superstrate acts as a moisture and oxygen barrier that
protects the sensitive perovskite layer from the environment.
More recently, Li et al.300 have demonstrated that, although
melting of 2D layered (PEA)2PbI4-based perovskites occurs at
higher temperature than the corresponding Sn-based systems,
tuning of functional groups on the PEA cation can reduce the
melting temperature enough to avoid signiﬁcant decomposition during the processing, yielding apparently large, compact,
ﬂat grains extending over several tens of microns (Figure 26B).
An early report on Ge-based hybrid perovskites also points to
the fact that Ge-based systems melt at a lower temperature
than either the Pb-based or Sn-based analogs, possibly pointing
the way to further exploration of these compounds.302 While
there are as yet few reports using this process, it shows great
potential, both for its simplicity (e.g., absence of solvents) and
the inherent protection that the lamination process aﬀords. A
signiﬁcant drawback, however, is that its utility currently seems
to be limited to the layered systems, as conventional 3D
perovskites (at least those based on Sn and Pb halide
frameworks) appear to decompose at temperatures lower
than the prospective melting point and, are, therefore, not
compatible with this approach.

crystals. Since the available reservoir of precursors within the
capillary is severely limited by the constrained volume, it is
necessary to maintain a high concentration near the crystal as it
grows, or local depletion of the precursors may cause the
perovskite crystals to nucleate in many places instead of one,
yielding a polycrystalline ﬁlm. To avoid this problem, the
authors used hydrophobic poly(bis(4-phenyl)(2,4,6trimethylphenyl))amine (PTAA)-coated ITO substrates on
which the solution does not easily wet. Thus, drag on the
precursor species caused by interaction with the substrate can
be avoided, and solution uptake speed within the PTAAbounded capillary is increased more than a hundred-fold
relative to a glass-bounded (i.e., wetting) capillary. In this
study, crystallization was achieved by placing the substrates on
a hot plate at 100−120 °C after inﬁltration of the MAPbI3/
GBL solution, causing supersaturation by the inverse solubility
mechanism described above. High-quality nominally singlecrystal thin ﬁlms could also be obtained in this manner,
demonstrating high hole and electron mobilities and carrier
diﬀusion lengths well over 10 μm, as well as high PV
performance.299
4.1.10. Melt-Processing. While not yet demonstrated for
3D perovskites, a melt processing ﬁlm deposition approach has
been successful for 2D systems, wherein the perovskite
precursors are melted into the liquid state and laminated
onto a substrate by pressing with a heated or unheated
superstrate such as polyimide or glass (Figure 26A). Here, the
melt can be considered as a precursor solution with 100 wt %
concentration, and therefore, the pinholes or voids, which
frequently occur during conventional solution crystallization
due to the depletion of the precursor ions during Volmer−
Weber growth of a polycrystalline perovskite ﬁlm (see section
3.1.1.2), will be avoided. Mitzi et al.20,301 ﬁrst demonstrated
that tuning of the organic cation [modiﬁed versions of the
PEA+ or naphthylethylammonium (C10H7C2H4NH3+ = NEA+)
cations] in layered Sn-based systems could cause the melting
transitions to occur at temperatures below those associated
with appreciable decomposition. Of the compounds studied,
substitutions of functional groups (e.g., halogen atoms or
methyl groups) at positions close to the organic cation
ammonium tethering group were found to be most eﬀective at
reducing the melting temperature, possibly due to steric eﬀects
on bonding in the inorganic framework.20 Remarkably, the
melting temperature could be tuned by ∼100 °C by the
substitution of diﬀerent PEA-derived organic cations within
the SnI 4 2− -based layered perovskites. Melt-processed
(PEA)2SnI4 ﬁlms were integrated into transistors, which
displayed superior ﬁeld-eﬀect mobilities to those prepared

4.2. “Two-Step” Deposition Approaches

Though the low solubility of lead halides is troublesome in the
sense that it limits the number of suitable solvents for typical
one-step solution-processing methods, the constrained solubility can be an advantage in that it allows for the
development of a wider range of two-step deposition
approaches, without fear that the second step will dissolve
the underlying lead halide layer. From a manufacturing
perspective, two-step methods may be less desirable relative
to one-step methods due to their added complexity. However,
they also oﬀer ﬁner control over the deposition. Two-step
deposition methods have enjoyed widespread success in all
stages of the development of PSCs and have been employed in
the fabrication of some of the highest-eﬃciency PSCs yet
reported.28 The combinatorial possibilities aﬀorded by twostep deposition processes are too numerous to list. However,
all of these methods rely on essentially the same steps: ﬁrst, a
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mesoporous layer remains inaccessible to conversion. This
phenomenon may arise where the local porosity of the scaﬀold
is particularly low. In such a case, the PbI2 precursor solution
might more easily penetrate into these regions than MAI, as
the former moves through the scaﬀold in the liquid state while
the latter transports in the solid state, in which diﬀusion
proceeds much more slowly. Ummadisingu and Grätzel176
note also that excessively long conversion time promotes
Ostwald ripening of the perovskite grains, which leads to larger
crystallites but compromises surface coverage. Obtaining
optimal transformation of the PbI2 ﬁlm can present a
substantial challenge, as the best achievable grain structure
produced by this method may still contain some unreacted
precursor. Note, however, that remnant PbI2 may be beneﬁcial
if properly distributed, as discussed in section 6.1.1.
While use of the mesoporous architecture can speed up the
transformation of the initial Pb halide layer, the formation of a
MAPbI3 crust or capping layer on the ﬁlm surface can impede
further reaction.303 This problem may be avoided by
dispensing with the capping layer altogether. The in situ
dipping method may also be used to produce all-mesoporous
cells similar to those discussed in section 4.1.5, wherein a PbI2
solution is drop-cast into the scaﬀold, followed by the
immersion of the substrate into a MAI/isopropanol solution
as above.281,304 These methods oﬀer similar device performance (∼15%) to both the partially mesoporous cells of
Burschka et al.165 Because of the extended times required for
full conversion to perovskite while immersed in the MAI
solution (for 3D structures), such methods are less suitable for
either mesoporous devices using a capping layer above the
perovskite-inﬁltrated scaﬀold or for planar PSCs.
An alternative to relying on a mesoporous oxide is to
introduce porosity into the planar lead halide ﬁlm. Not only do
the pores more freely admit the organic salt, but they also allow
the volume expansion of the ﬁlm without buildup of strain, as
noted in section 3.2.2. Such layers may be fabricated in a
variety of ways. Liu et al.205 found that, by keeping spin-cast
PbI2 ﬁlms wet for several minutes after spin-coating with the
remnant DMF solvent, Ostwald ripening of the PbI2 crystallites
could lead to large crystals with more void space between the
grains. Growth of the grains could be terminated by annealing
the ﬁlms to drive oﬀ the solvent. Liu et al.205 determined that
the porosity of the PbI2 ﬁlms (estimated from SEM images)
could increase 5-fold, from 3.1 to 15.8%, over the course of a 7
min aging step. The use of the porous PbI2 layer over the
dense one signiﬁcantly advances the transformation to
perovskite, with increasing porosity leading to reduced PbI2
residue and enhanced light absorption of the ﬁnal perovskite
ﬁlm, as well as enhanced PCE of PSCs prepared using the
above ﬁlms (although diminishing returns were obtained for
aging longer than 7 min).205 Alternatively, the inclusion of
additives such as 4-tert-butylpyridine, which are relatively
stable at room temperature but easily driven oﬀ by a mild
anneal, can be incorporated into the PbI 2 precursor
solution.206 After the anneal, these additives leave behind
void spaces that lead to a porous layer. As in the previous
report, perovskite ﬁlms prepared from the porous PbI2 ﬁlms
transform much more rapidly and completely than those
prepared from compact PbI2 layers, as determined by XRD and
UV−vis measurements.206 Besides the porosity, the mass
transport of organic ammonium iodides into PbI2 crystallites is
also aﬀected by the crystallinity. In a study by Zhou et al.,305
PbI2 ﬁlms with controlled crystallinity and porosity are

metal precursor (usually a Pb-based salt, for example, a Pb
halide, but occasionally Pb oxides/chalcogenides, or an
organic−inorganic adduct of the Pb halide with a solvent) is
deposited on the substrate; then, the substrate is exposed to a
vapor, liquid, or solid of the organic salt to drive the reaction
(involving substantial diﬀusion) that produces the perovskite
(as noted in section 3.2.1), possibly followed by a postanneal
to drive oﬀ any excess organic salt and better crystallize the
material. This section explores how the details of the diﬀerent
two-step methods impact the associated perovskite ﬁlm
morphologies/structures, coupled with associated device
impacts.
4.2.1. In Situ Dipping. The two-step method predates the
advent of PSC technology by over a decade. In 1998, Liang et
al.199 reported a method for fabricating MAPbI3 ﬁlms (as well
as a variety of 2D Pb- and Sn-based perovskites) in which ﬁlms
of the metal iodides were ﬁrst formed either by spin-coating
from a saturated methanol solution or by thermal evaporation.
These ﬁlms were then dipped into a solution of the organic
ammonium iodide (isopropanol and MAI for MAPbI3,
isopropanol/toluene and butylammonium or phenethylammonium iodide for the most common 2D perovskites), during
which in situ formation of the perovskite occurs. While the 2D
Pb-halide perovskites formed completely within minutes, 3D
MAPbI3 ﬁlms produced by this method required several hours
for complete reaction, most likely because 3D systems lack the
van der Waals gap of the 2D structures that facilitates cation/
anion diﬀusion.199 Reaction in the organic-cation-containing
solution leads to substantial apparent grain growth for the 2D
systems, although this also potentially leads to increased
surface roughness.199 Besides the kinetics of transformation, a
main challenge associated with the conversion of planar PbI2
ﬁlms to perovskite is the transformation of a dense layered
structure to a less dense 3D structure (in the case of MAPbI3
formation), as noted in section 3.2.2. Lateral pinning of the
grains forces the perovskite to grow vertically, inducing strain
that can break them into smaller crystallites.202
Using a mesoporous rather than a planar architecture can
accelerate the Pb halide-to-perovskite conversion signiﬁcantly.
The two-step dip method was applied by Burschka et al.165 in
2013 to form MAPbI3 PSCs in which the perovskite
completely inﬁltrates within the mesoporous TiO2 scaﬀold.
The scaﬀold appears to signiﬁcantly aid the reaction between
PbI2 and MAI, as a 20 second dip in the MAI solution
produced a PSC with 15% PCE, at the time a signiﬁcant
milestone for not only PSCs but also organic, dye-sensitized,
and solution-processed solar cells.165 The enhanced kinetics of
this process may be related to the nanoscaled size of the PbI2
grains, which are grown within a conﬁned mesoporous TiO2
environment. Per the observations of Ummadisingu and
Grätzel,176 transformation of the PbI2 crystallites proceeds
from edges and grain boundaries. Thus, the higher surface
area-to-volume ratio of the nanosized grains should allow the
reaction to complete more rapidly than for the larger, denser
PbI2 crystallites in a planar ﬁlm. The reaction may also be
aided by the high density of perovskite grain boundaries and
perovskite/TiO2 interfaces within the mesoporous layer, given
the tendency of grain boundaries to act as “highways” for the
ingress of external species, as noted in section 3.4. In the
context of eq 22, use of the mesoporous as opposed to a planar
PbI2 layer increases the eﬀective diﬀusivity (rate constant K4),
reducing the conversion time needed to achieve a given ﬁlm
thickness. It is notable, however, that some PbI2 within the
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Figure 27. (A) “Two-step” spin-coating process, shown schematically for the deposition of MAPbI3. (B and C) Dependence of MAPbI3 prepared
by the two-step spin-coating process on loading time (i.e., the length of time the solution is left on the substrate prior to starting the spin cycles)
and concentration of the MAI precursor solution, shown in SEM images; insets: photographs of ﬁlms used for SEM. Lower MAI concentration
(panel B, 0.038 M) enables the formation of large cubelike grains whose density can be increased for longer loading times; higher concentration
(panel C, 0.063 M) leads to denser, smaller grains whose distribution is less sensitive to loading time. Reprinted with permission from ref 306.
Copyright 2014 Macmillan Publishers Ltd.

prepared, and low-crystallinity, porous PbI2 allows the most
facile formation of phase-pure perovskite.
4.2.2. Interdiﬀusion of Stacked Precursor Layers.
Although increasing the temperature of the in situ dipping
process might improve the rate of transformation of PbI2 to
perovskite (per the Arrhenius dependence of the diﬀusion rate
constant K4 introduced in eq 22), adverse competing processes
such as redissolution of the perovskite might complicate the
process. This problem can be avoided by introducing the
organic halide in the solid rather than the solution phase, so
that reaction temperatures may be increased without solventaided decomposition. As a result, the perovskite grown from
the solid-state precursor reaction will show more controlled
morphology, mimicking the overall morphology of the
predeposited PbI2 ﬁlm. In this regard, Xiao et al.200 introduced
an alternative two-step process, wherein PbI2 and MAI layers
are sequentially spin-cast onto an ITO/poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) substrate then annealed for an hour or more to
interdiﬀuse and react the precursors. This method led to a
uniform and compact microstructure, though still apparently
possessing smaller grains and performance comparable to the
dipping-processed mesoporous cells reported by Burschka et
al.,165 with the added beneﬁt of low hysteresis and high FF (in
some cases exceeding 80%).200

Note that the rapidity of the reaction between the perovskite
precursors entails that the dynamics of the dip-coating process
remain relevant to the two-step spin-coating process. The time
window or “loading time” between deposition of the organic
salt solution on the PbI2-coated substrate and starting the spin
recipe essentially duplicates the conditions of dip-coating. The
parameters in this step can therefore be important variables
that control the ﬁnal ﬁlm morphology. Im et al.306 investigated
the eﬀects of the concentration and loading time of the MAI
solution, ﬁnding that longer loading times at lower MAI
concentrations produced a capping layer of perovskite cuboids
in the ﬁnal ﬁlm (Figure 27). The geometry of these cuboids is
important for the performance of the resulting PSCs. Larger
cuboids are associated with lower MAI concentration (0.038
M), presumably resulting from a lower density of seed crystals
and result in both enhanced light absorption near the band
edge and higher EQE at red and infrared wavelengths in PSCs
prepared using these ﬁlms. These improvements come at some
slight cost to VOC, possibly due to the increased roughness of
the large cuboids, which may lead to shunt paths through the
top layers. Conversely, a higher MAI concentration (0.063 M)
results in much smaller but more tightly packed cuboids with
inferior light absorption and corresponding reductions in
device performance parameters, particularly JSC and FF. The
best device in this study, with PCE of 17%, was produced using
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the lower MAI concentration, despite the slight loss in VOC
relative to the intermediate concentration.306
Like the in situ dipping method, the two-step spin-coating
method can be hampered by the challenges of diﬀusing the
organic salt into a dense, compact PbI2 ﬁlm and managing its
resulting expansion. Likewise, these challenges can be overcome by similar techniques that reduce the average or eﬀective
density of the precursor ﬁlm. Further improvements to the
two-step process were realized in the report of Yang et al.,27
through the introduction of an “intramolecular exchange”
process, wherein a Lewis adduct PbI2·DMSO solid ﬁlm is
deposited as the ﬁrst step instead of PbI2, followed by spincoating of a solution of the organic ammonium halides MAX
(for the highest-performing cell, a mixture of FAI and MABr)
and thereafter annealing. MAX thus displaces the solvent
molecules in the adduct, forming the perovskite (as explored in
section 3.2.5).27 The resultant ﬁlms show improved apparent
grain size but maintain the compact grain structure relative to
those produced by the more conventional two-step method, in
which the initial ﬁlm consists of PbI2 rather than the PbI2DMSO complex. The resulting PSCs showed exceptional
performance, leading to the ﬁrst certiﬁed PCE of a PSC above
20%.27
4.2.3. Vapor-Assisted Solution Processing. As noted in
section 3.2, the organic ammonium halide precursor may be
introduced by liquid-, solid-, or vapor-based methods. In all of
these methods, the perovskite most probably nucleates on the
surface of the solid precursor ﬁlm and then propagates inward.
An early report made use of a vapor-assisted solution process
(VASP), in which PbI2 ﬁlms deposited by spin-coating were
subjected to MAI vapor by sprinkling MAI powder around the
ﬁlms in a capped Petri dish and heating the container at 150
°C (Figure 28A).201 The VASP method creates a solid−vapor
reaction interface between precursors, resulting in fewer
heterogeneous nucleation sites that eventually grow into
large apparent perovskite grains while retaining the original
smooth PbI2 ﬁlm morphology (Figure 28B). This process leads
to ﬁlms with compact grains spanning the full ﬁlm thickness,
and what was at the time the highest PCE for a planar PSC,

12.1%. A notable drawback, however, is that VASP is a sluggish
process, requiring 4 h for complete reaction between the PbI2
underlayer and MAI.201 Li et al.308 conducted the same process
at low pressure (∼0.3 Torr), allowing the conversion of PbI2
(and PbCl2) to take place at lower temperatures and shorter
times (120 °C for 2 h) and yielding devices with higher PCE
∼16%, despite the ﬁnal ﬁlms appearing to have smaller grains
than those in the initial report. Successive reports have yielded
similar ﬁlm morphologies and performance levels for a variety
of perovskite compositions, including those with mixed halides
and mixed organic cations.307,309
More traditional vapor-based methods have also been
employed to deposit the organic component. In 2014, Leyden
et al.310 demonstrated the use of a tubular reactor, where N2
gas at 100 Pa carried MAI vapor from the hot zone (at 185 °C)
onto thermally evaporated PbCl2 ﬁlms in a colder zone at a
nominal temperature of 130 °C (actual temperature 160−170
°C), where it reacts to form perovskite with smooth, compact
morphology. The authors observed that substrate temperature
represents a particularly important processing parameteri.e.,
extending above 170 °C leads to conversion of PbCl2 ﬁlms to
PbI2 with little retention of organic material, while falling
below 145 °C leads to ﬁlms that are unstable in air, rapidly
turning transparent. This latter eﬀect is plausibly due to
accumulation of excess MAI on the ﬁlms, which is hygroscopic
and may promote the formation of MAI-rich hydrates when
exposed to moisture in air. The best-performing cell in this
report reached almost 12% PCE, although it also exhibited
considerable hysteresis.310 Subsequent work has explored other
compositions, such as FAPbI3311,312 and MAPbBr3,313 the
latter having been processed into LEDs with luminance above
500 cd/m2. Yin et al.314 have demonstrated that low pressures
and inert carrier gases are not necessary for the production of
high-PCE PSCs, using a simple reactor consisting of a glass
tube connected to a heat gun with programmable temperature
and ﬂow rate. In this method, heated air from the gun sweeps
across MAI powder, carrying it to a PbI2 ﬁlm further down the
tube. The PSCs prepared using this method reached 18.9%
PCE.
4.2.4. Sequential Vapor Deposition. Although singleand dual-source coevaporation are gaining ground as viable
methods for the production of high-quality perovskite ﬁlms,
organic ammonium halides have proven diﬃcult to control
when treated as a normal evaporation point source,285 making
it challenging to match to the lead halide deposition rate (as
noted in section 4.1.6). Nevertheless, an early report285 of
sequential evaporation using brute-force evaporation of the
MAI onto heated PbCl2-coated substrates (held at 65, 75, or
85 °C) at a constant source temperature of 85 °C, aided by a
postanneal in vacuum to drive oﬀ excess MAI, was able to
reach parity in performance with contemporary coevaporated
cells,193 along with comparable morphology. In this study, 75
°C was found to be the optimal substrate temperature, as lower
temperature led to incomplete conversion of the underlying
PbCl2 layer, while higher temperature led to poor crystallinity.285 In a later report,213 the organic ammonium halide was
treated as a static vapor in the chamber rather than a point
source, and deposition conditions were controlled by heating
the entire chamber to 75 °C and varying the pressure via a gate
valve connecting the chamber to the vacuum pump (Figure
29A). Diﬀerent pressures yielded considerably diﬀerent ﬁlms
(Figure 29, panels B−E): at 10−5 Torr, the initial lead halide
ﬁlm did not completely react, and at 10−4 Torr, perovskite

Figure 28. Vapor-assisted solution processing (VASP) of MAPbI3
perovskite. (A) Schematic of the VASP process. Reprinted with
permission from ref 307. Copyright 2017 Elsevier. Morphology of the
transformed thin ﬁlm at diﬀerent stages of the VASP process (inset:
wider view with 3 μm scale bar). (B) Adapted from ref 201. Copyright
2014 American Chemical Society.
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Figure 29. (A) Schematic illustration of MAPbI3 deposition by sequential thermal evaporation; (B) schematic illustration and top-view SEM
images (C−E) of the eﬀect of MAI pressure on apparent grain size during the second step: (C) at 10−5 Torr, PbI2 does not fully react; (D) at 10−4
Torr, substantial grain growth occurs; and (E) at 10−3 Torr, excessively high ﬂux of MAI leads to small grains, possibly as a result of rapid
nucleation. Reprinted with permission from ref 213. Copyright 2016 Wiley-VCH.

Figure 30. (A) (Electro)chemical bath deposition process: a B-metal-containing precursor BYn is deposited electrochemically or chemically onto
the substrate; optionally, the B-metal precursor is converted into the metal halide BX2; and ﬁnally, the B-metal precursor is immersed in a solution
of AX, which diﬀuses into and reacts with the ﬁlm, forming the perovskite. (B) Perovskite ﬁlms fabricated on stainless steel mesh by electro/
chemical bath deposition of the precursors display conformal coating of the substrate and cuboidal grains. Reprinted with permission from ref 316.
Copyright 2015 Elsevier.
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grains whose apparent lateral size far exceeded their thickness
were obtained; at 10−3 Torr, the perovskite grains appeared to
be much smaller, perhaps indicating that the high ﬂux of MAI
caused too rapid nucleation of the perovskite grains.213
While rapid nucleation is generally preferred for solution
deposition methods because it ensures uniform ﬁlm coverage
on the substrate, favoring growth over nucleation may be more
helpful for sequential vapor deposition, because the initial lead
halide ﬁlm (solid matrix for the nucleation of perovskite) is
already compact and uniform. Therefore, it may become more
important to focus on grain growth strategies, since the ﬁlms
will most probably conserve their morphology as they convert
from the pure lead halide to perovskite (although a highly
compact PbI2 ﬁlm may lead to undesirable strain as it
transforms to perovskite, as discussed in section 3.2.2).
Unsurprisingly, devices using the apparently large-grained
ﬁlms prepared at 10−4 Torr outperformed those prepared at
10−3 Torr and achieved a stabilized PCE of 17.5%.213
Subsequent tailoring of the absorber/ETL interface enabled
improvement of the stabilized PCE of such devices to 18.7%, a
value among the highest for PSCs using an absorber prepared
solely by evaporation, with the additional distinction of
virtually negligible hysteresis.315 This process, however, does
possess the characteristic drawback of two-step methods in
that the deposition of the absorber is a slow process, taking
place over a couple hours.
4.2.5. Electro/Chemical Bath Deposition. There are a
few reports concerning deposition of perovskite by the versatile
and scalable methods of chemical or electrochemical bath
deposition. Chen et al.316 ﬁrst fabricated PbO2 ﬁlms on
mesoporous TiO 2 scaﬀolds by electrodeposition, then
converted the ﬁlm to PbI2 by immersion in a solution of HI
in ethanol, and ﬁnally to MAPbI3 by immersion of the PbI2
ﬁlms in MAI/isopropanol solution (Figure 30A). An intriguing
aspect of this work is that the PbI2 intermediate ﬁlm does not
appear to favor the crystallographic orientation with the (00l)
planes lying parallel to the substrate, and SEM images conﬁrm
that the ﬂakelike crystallites stand on end rather than lying ﬂat,
an unusual behavior for this layered material. The authors
explain this phenomenon by positing that growth of the PbI2
crystallites is most favorable along the basal plane rather than
perpendicular to it, as well as in directions unconstrained by
neighboring crystallites, resulting in fastest growth perpendicular to the substrate. Larger PbI2 crystals are produced by more
dilute hydriodic acid solutions; the size of the PbI2 grains
appears to translate to those of the ﬁnal MAPbI3 grains. The
MAPbI3 ﬁlms themselves appear to form a jumbled network of
cuboids that appear to be far too rough for conventional ﬁlm
devices, yet the authors are able to achieve a surprisingly high
PCE > 10%, forsaking an HTL and directly applying a thick
carbon electrode to the MAPbI3 ﬁlm.316 A further beneﬁt of
this approach is that conformal ﬁlms can be obtained on
substrates of arbitrary complexity. Chen et al.316 illustrate this
feature by depositing perovskite on stainless steel mesh (Figure
30B) using the same process, obtaining good coverage and
similar perovskite ﬁlm morphology compared to those
deposited on ﬂat substrates.
Koza et al.317 were able to achieve MAPbI3 ﬁlms with a
similar but more ordered microstructure via a related process,
in which the electrodeposited PbO2 layer was converted
directly to MAPbI3 by immersion in a solution of MAI in
isopropanol, an intriguing result that emphasizes the reactive
nature of MAI. It should, however, be noted that the PbO2

layer does not fully convert, as evidenced in both XRD patterns
as well as SEM images. The authors studied the eﬀects of
temperature on this conversion process and found that as the
temperature of the MAI solution increased so did the
favorability of the tet(110) orientation of the perovskite planes
relative to the tet(001) orientation. In either case, the
perovskite ﬁlms prepared by electrodeposition possessed
much lower trap densities and higher PL intensities compared
to ﬁlms prepared by spin-coating of a PbI2 solution, followed
by immersion in a MAI solution, suggesting a higher material
quality.317 The Pb precursor may also be deposited by
chemical bath deposition and converted thereafter to the
perovskite by chemical vapor deposition of MAI, as Luo et
al.318 demonstrated using PbS as the starting ﬁlm, yielding a
ﬁnal ﬁlm morphology similar to that produced by other CVD
methods. Overall, these methods show promise for the
deposition of perovskite ﬁlms on large and/or irregular
surfaces, but they have not yet attracted widespread attention.
4.3. Scalable Processing Methods

While the techniques described above are quick, eﬀective, and
relatively reproducible methods of producing PSCs in the
laboratory, many are mainly spin-coating-based methods,
explored for the purpose of demonstrating solution/vapor/
solid chemistries for perovskite deposition and for targeting
record-setting small-area PSCs. They are generally unsuitable
for direct adoption in large-scale manufacturing (e.g., due to
issues of large substrate handling/throughput, ﬁlm uniformity,
and materials usage). As attention has turned from improving
the PCE of laboratory PSCs toward upsizing PSC designs to
commercial scale, more reports have emerged detailing
methods for perovskite deposition that are compatible with
high-throughput manufacturing. Many of these methods
(notably, doctor blading and inkjet deposition) derive from
printing technology. While these methods are ultimately more
likely to be adopted for commercial production of PSCs and
modules, less attention has been focused on them relative to
spin-coating, and the overall state of the art in PCE of the
resulting devices is lower. This deﬁcit also attests to the
increasing diﬃculty in producing defect-free ﬁlms for larger cell
size. Nevertheless, recent advances in processes compatible
with large-area deposition have demonstrated that achieving
reasonable PCE for commercial-scale devices is a realistic goal,
limited more by process engineering challenges than by
fundamental scientiﬁc obstacles.319 Among the methods
considered in this section are doctor-blading, slot-die casting,
and spray-coating/inkjet printing.
4.3.1. Doctor-Blading. Doctor-blading, or blade-coating,
is a deposition method relying on a similar principle to that of
spin-coating (i.e., by forming a thin layer of solution from
which the solvent evaporates uniformly, the precursors reach
the saturation point and precipitate in an even manner as the
ﬁlm dries). Unlike spin-coating, however, the excess solution is
removed by sweeping a blade across the substrate at a precisely
ﬁxed height rather than by spinning rapidly. This method is,
therefore, ideally suited to roll-to-roll manufacturing, as the
solution can ﬁrst be deposited on a moving substrate and then
swept under a stationary blade. Early attempts at doctorblading led to ﬁlms/devices that suﬀered from discontinuous
morphology, similar to that observed for spin-cast ﬁlms from
analogous Cl-containing precursor solutions (further discussed
in section 6.1.3). The blade-coated cells performed better
compared to spin-cast cells deposited from the same solution
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absorber morphology. Solvents with lower vapor pressure, such
as a mixture of DMF and NMP, can extend this window
substantially (on the order of minutes, compared to seconds
for the pure DMF solvent) and thus enable greater resilience
against process variation. Addition of excess MACl to the
precursor aids apparent grain growth and ﬁlm uniformity,
ultimately leading to small-area (0.12 cm2) device PCE of
above 19%, large-area (1.2 cm2) device PCE of over 17%, and
4-cell module (total area 12.6 cm2) PCE of over 13%.277
Further improvements were reported by Deng et al.,324 who
observed that, although high-quality MAPbI3 ﬁlms could be
obtained by blade-coating using slow coating speeds where ﬁlm
crystallization is governed by solvent evaporation at the
meniscus formed between the blade and substrate, at practical
coating speeds (20 mm/s or more), ﬁlm formation falls within
the Landau-Levich regime, in which the ﬁlm emerges from
underneath the blade still wet and solution dynamics within
the wet ﬁlm become important. As perovskite islands
crystallize, the surrounding solution is attracted to them,
resulting in depletion of solute in the regions between the ﬁrstforming islands and consequently a discontinuous morphology
and highly uneven thickness of the ﬁnal ﬁlm. The driving force
for the ﬂow toward the islands is speculated to be a locally
enhanced evaporation rate near the perovskite islands. To
counter this eﬀect, Deng et al.324 added various surfactants (at
∼20 ppm) to the precursor solution, which build up a surface
tension gradient as a result of the solution ﬂow inward to the
perovskite islands. As the evaporative ﬂows concentrate the
surfactant near the perovskite islands, the local surface tension
is reduced, driving a Marangoni ﬂow outward that opposes the
original motion of the solution, the net result of which is to
suppress the net solution ﬂow and the consequent ﬁlm
discontinuity and thickness variation. The most eﬀective
surfactant, L-α-phosphatidylcholine, could also improve
contact to hydrophobic substrates such as the HTL PTAA.
With the use of this technique, small-area (7.5 mm2) PSCs
with PCE over 20% and large-area modules (33.0, 57.6 cm2)
with ∼15% PCE were attained, using a reasonable blading
speed of 50 mm/s.
4.3.2. Slot-Die Coating. Slot-die coating (also referred to
as slot-casting or slit-casting) is quite similar to doctor-blading
but diﬀers in the respect that the precursor solution is
dispensed onto the substrate at a precise rate by a die that
serves as a print head,325 rather than being controlled by the
position of a blade held above the substrate (though the
dispenser may be employed for this purpose). The evaporation
rate of the solvent and the crystallization rate of the solutes are
thus controlled by the solution ﬂow rate as well as substrate
condition and ambient environment (particularly heating, but
also whether the ambient atmosphere is stagnant or ﬂowing). If
properly tuned, this process is perfect from a material eﬃciency
standpoint, since there is no need to remove excess
solution.325,326 Like spin-casting, slot-die coating of perovskites
can proceed in either one or two steps. Schmidt et al.327
compared the one- and two-step processes for ﬂexible cells, in
which all layers were slot-die coated, ﬁnding that the one-step
process yields devices with higher PCE, although both are
relatively mediocre in this respect (4.9 and 2.6% for one- and
two-step, respectively). The low performance is most likely at
least in part attributable to the high ﬁlm roughness and
apparently small grains, as seen in AFM images. Cotella et
al.328 also found that one-step slot-die coating leads to very
rough and discontinuous ﬁlms when coated onto room-

(except for the concentration) when fabricated in ambient
atmosphere. 320,321 These cells are still susceptible to
degradation in the ambient environment, however, and
improve in performance as the humidity during fabrication is
reduced, presumably as a result of improved coverage and
continuity of the ﬁlms. The authors attributed the diﬀerence
between the spin-cast and doctor-bladed cells to the larger and
more densely packed domains in the latter, which would
therefore more eﬀectively resist penetration of moisture and
oxygen.
A more recent report employs doctor blading of a
stoichiometric solution of MAPbI3 in DMF over a heated
substrate (at 100−160 °C) (similar to the hot-casting
approach pioneered by Nie et al.258 for the spin-cast
perovskites discussed in section 4.1.1) to produce highly
iridescent and colorful perovskite ﬁlms.263 While the PCE of
these cells (∼12%) underperforms state-of-the-art spin-cast
cells, this process provides some useful insight into the eﬀect of
the heated substrate on the perovskite ﬁlm growth. The
microstructure of the perovskite ﬁlm produced by this method
is composed of features on several diﬀerent scales: ﬁrst, an
arrangement of domains ∼10−50 μm in scale, which
superﬁcially resemble grains but are distinguishable from true
grains by their substructure; within these domains, an
arrangement of equally spaced concentric rings, forming a
circular Bragg grating, and within the rings themselves,
nanocrystalline grains apparently ∼500 nm in size (the
larger-scale domains and rings are visible in Figure 21E).
Each feature is attributed to a distinct process. The small grains
are produced by the familiar process of nucleation and growth,
assumed to occur homogeneously within the solution as the
blade sweeps across the substrate. The large domains arise
from Rayleigh-Bénard convection induced by the high
temperature gradient between the hot substrate and the
ambient surface of the solution, generating convection cells
whose junctions form the boundaries between the domains in
the ﬁnal ﬁlm. Finally, the rings are formed by a variation of the
“coﬀee-ring” eﬀect,322 wherein the solution is presumed to dry
from the edge of each convection cell inward. As the solution
retracts, deposited material accumulates at the edge of each
solution droplet, where the solution is pinned until the surface
tension generated in the drying droplet is suﬃcient to break
the edge free and reestablish the equilibrium contact angle.
This process repeats until the solvent is consumed, accounting
for the concentricity and periodic spacing of the rings. These
rings also explain the iridescence of the ﬁlms, since they act as
a reﬂection grating. Though this feature may not be
particularly useful for PV or LEDs, it is a useful example of a
solution-processed photonic microstructure, which may ﬁnd
application in other technologies (e.g., in distributed feedback
lasers), wherein the use of a circular Bragg grating can
symmetrize the output beam but can be expensive to fabricate
due to the lithographic techniques involved.323 Here, the
prospective lasing material and the grating are one and the
same and may be fabricated quickly, in a single step.
Improvements in doctor-blading of the perovskite have been
driven by careful control over the evaporation of the solvent.
Yang et al.277 applied a combination of doctor-blading with
antisolvent/solvent extraction and investigated the impact of
the solvent on the optimal time span between the bladecoating and antisolvent immersion steps. By analogy to solvent
engineering, a small processing window exists in which the wet
ﬁlm must be exposed to the antisolvent in order to obtain good
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precursor solution is ejected through a nozzle, aerosolizing it.
The resulting droplets travel to the substrate, where the solvent
evaporates, depositing the perovskite precursors, which may
then be annealed to generate the ﬁnal ﬁlm. Ideally, droplets are
made as small as possible in order to avoid ﬁlm roughness. For
example, piezoelectric transducers may be used to vibrate the
nozzle at ultrasonic frequency to generate an ultraﬁne mist.331
One of the ﬁrst reports of PSCs fabricated by ultrasonic spray
coating from a DMF solution investigated the eﬀects of
substrate temperature, ﬁnding that while ﬁlms coated onto
room-temperature substrates had poor surface coverage owing
to the formation of ﬂower- or starburst-like structures,
increasing the temperature led to much more conformal
coverage.331 While spray-coating can be challenging due to the
many variables that must be simultaneously controlled during
the process (i.e., substrate temperature, solvent boiling point,
droplet size distribution, solution ﬂux), the tunability of this
process can also be advantageous. Heo et al.332 demonstrated
that, by properly balancing the evaporation rate of a DMF/
GBL solvent on the substrate with replenishment by the spray,
the optimal ﬁlm morphology of compact and connected grains
could be obtained. In this process, the incoming solvent
partially dissolves and reﬂuxes the already deposited grains,
presumably promoting their growth through Ostwald ripening.
Commensurate with the improved morphology, the PSCs
prepared by this method reach 18% PCE, the highest currently
reported for spray-cast cells.
4.3.6. Inkjet Printing. A deposition process closely related
to spray-coating is inkjet printing, wherein the solution is
ejected through a nozzle as described above, but the resulting
jet may be steered carefully (in some cases, drop by drop) in
order to achieve precise patterns.333 There are thus far fewer
reports concerning inkjet printing of halide perovskites, but
similar considerations appear to apply as in spray-coating (as
well as in other deposition methods). Li et al.334 obtained
discontinuous ﬁlms with large disclike features several tens of
micrometers in diameter when printing a 1:1 solution of
MAI:PbI2 in GBL onto mesoporous TiO2 substrates; however,
simultaneously reducing the PbI2 content relative to MAI and
introducing MACl was found to lead to more uniform ﬁlm
coverage. Mathies et al.335 found that annealing the wet ﬁlms
obtained from printing a solution of MAPbI3 in 7:3
GBL:DMSO (by volume) led to the formation of a
discontinuous needlelike morphology, but that exposure to
vacuum immediately after deposition could lead to a dense and
conformal microstructure. Mathies et al.335 also investigated
eﬀects of droplet spacing and multiple passes of the print head
over the substrate, ﬁnding that the latter could boost apparent
grain size (most likely by Ostwald ripening/reﬂuxing of the
grains as noted in the previous section), but that the droplet
spacing did not appear to signiﬁcantly alter the morphology.
Liang et al.336 also found, using a similar solution (but in this
case, 4:6 DMSO:GBL by volume), that vacuum exposure was
eﬀective at yielding a conformal ﬁlm and avoiding the
formation of a dendritic microstructure. Additionally, apparent
grain size could be tuned by modulating the substrate surface
properties. While bare TiO2 led to small grains, increasing the
contact angle by evaporating thin layers of C60 allowed a
substantial boost in the apparent grain size, presumably due to
a reduction of the nucleation density as a result of the reduced
wettability. However, excessively thick layers of C60 led again
to smaller grains, through a not well-understood process.
Optimizing the C60 thickness led to PCE of over 17%,336 a

temperature substrates, but that roughness and coverage could
be improved considerably by increasing the substrate temperature to 65 °C, presumably due to increasing the solvent
evaporation rate and inducing more rapid nucleation.
Morphology could be further improved by subjecting the
just-deposited solution to an “air-knife,” more rapidly driving
oﬀ the solvent than natural evaporation and presumably
leading to a higher nucleation density by accelerating
supersaturation (much as in the gas-quenching process
discussed in section 4.1.3). With the use of this process,
small-area (0.0625 cm2) device PCE > 9% was attained.328
4.3.3. Meniscus-Assisted Solution Printing. A modiﬁed
doctor-blading process, referred to by the authors as meniscusassisted solution printing (MASP), combines elements of both
conventional blade-coating and slot-die coating. As in slot-die
coating, the perovskite solution is dispensed as a print head
sweeps across the substrate. Fine control of the geometry of
the die/print head as well as the relative motion between it and
the substrate determine the shape of the meniscus that forms
between them.329 At this meniscus, evaporation of the solvent
generates a convective ﬂow of solution that transports solute to
the contact line between the substrate, solution, and air, where
it precipitates to form the perovskite grains. If the substrate
speed is too slow, the crystallization front will connect the
upper and lower plates. If it is too fast, the perovskite grains
will form as by conventional doctor-blading, in this case
yielding nonuniform grain structure unsuitable for devices.
Proper substrate speed, however, yields a close-packed
microstructure and is compatible with FA0.85MA0.15PbI2.55Br0.45
PSCs reaching nearly 20%, among the highest to date for
perovskite cells via scalable processing methods.329 A
signiﬁcant drawback, however, is that, for the processing
parameters reported (DMSO solvent, 60 °C substrate
temperature), the optimal substrate speed is 12 μm/s, which
is too slow to be practical for integration in a high-throughput
production line.329 Nevertheless, optimization of the processing parameters, perhaps by adjustment of temperature and/or
changing to a lower-boiling-point solvent (such as 2ME256 or
MA/ACN,257 as discussed in section 4.1.1), might allow for
more useful processing speeds. Alternatively, the use of
surfactants, as noted in section 4.3.1, can help to avoid the
necessity of operating within the evaporation-controlled
regime of ﬁlm formation, allowing faster coating in the
Landau-Levich regime.
4.3.4. Soft-Cover Coating. A technique very similar to
MASP is “soft-cover deposition” in which a ﬁlm is deposited by
ﬁrst dropping a solution onto a heated substrate then covering
the solution with a ﬂexible sheet (such as polyimide) to spread
the solution across the entire substrate.330 The top sheet is
then peeled back in a controlled manner to expose the
solution. Thermally driven evaporation of the solvent drives
rapid crystallization of the perovskite ﬁlm, which possesses
larger apparent grain size and longer-lived PL than comparable
spin-cast ﬁlms, while maintaining a compact microstructure.
Large-area PSCs (1 cm2) produced via this technique have
reached a PCE of >17%, not as high as MASP, but with the
beneﬁt of orders of magnitude more rapid processing speed
(i.e., the top cover may be exposed at a rate of 5−500 mm/
s).330
4.3.5. Spray-Coating. Spray-coating, like slot-die coating,
oﬀers the promise of coating large-area substrates with minimal
wasted material, as well as the potential for precise patterning
of perovskite ﬁlms. For this approach, a perovskite ink or
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Figure 31. Eﬀect of annealing on the microstructure of MAPbI3 ﬁlms: (A−D) annealed for 10 min at (A) 110 °C, (B) 130 °C, (C) 150 °C, and
(D) 170 °C; (E−H) are annealed at 150 °C for (E) 10, (F) 15, (G) 20, and (H) 25 min. Republished with permission from ref 340. Copyright
2016 Royal Society of Chemistry.

5. POST-DEPOSITION TREATMENTS
As introduced in sections 3 and 4, a key step in many
perovskite thin ﬁlm fabrication methods is a postdeposition
treatment that drives the reaction between precursors, removes
solvents or additives, and/or improves ﬁlm morphology. Most
frequently, such post-treatments are accomplished by annealing the ﬁlm at moderate temperatures (hybrid perovskites can
generally tolerate no more than 150−160 °C, while the
inorganic analogs may be annealed to ∼300 °C) on a hot plate.
This feature illustrates a key disadvantage of the soft and
unstable nature of the halide perovskites, as common
semiconductor processing techniques are unavailable or at
least severely constrained by the possibility of decomposition.
However, other chemical or physical treatments, many that
make use of the facile reactivity of the perovskite, may also be
applied that can modify the annealing process, or obviate it
entirely. While in section 4 we considered overall ﬁlm
deposition approaches, in this section we explore in more
detail the strategies that have been developed for annealing
perovskite ﬁlms or precursor ﬁlms, as well as other important
techniques and processes associated with further treatment and
reﬁnement of already-deposited perovskite thin ﬁlms.

value close to the best spray-coated cell mentioned in the
previous section.
4.3.7. Outlook for Commercialization. Although the
eﬃciency of large-area photovoltaic devices and modules still
considerably lags that of laboratory-scale devices, recent
improvements may provide a path to commercialization. As
in the case of small-area devices, most attention thus far has
focused on solution-deposition approaches, with much less
attention focused on vapor-based deposition. In terms of
demonstrated eﬃciency of modules with high geometric ﬁll
factor as well as overall eﬃciency of large-area devices in
general, doctor-blading and related techniques are most
advanced, although spray-coating and inkjet printing also
appear to be promising.319 These deposition techniques are all
well-suited to established large-scale manufacturing processes
and easily adaptable to ﬂexible substrates. It has been noted
that vapor-based deposition techniques may also oﬀer
attractive options for commercialization, owing to an industrial
heritage of established similar technologies such as organic
LEDs, reduced dependence on toxic solvents, and the ease of
fabricating perovskite top cells on textured silicon bottom cells
in multijunction device architectures.195 However, despite
recent advances, vapor-based deposition techniques for largearea PSCs have lagged solution-based techniques considerably
in terms of eﬃciency. While this deﬁcit is likely reﬂecting the
vast diﬀerence between the extent of research focus on
solution- versus vapor-deposition methods, there are some
inherent diﬀerences that may continue to hinder the latter.
Vapor deposition techniques tend to require more time and
capital expense than solution deposition techniques319,337 and
also suﬀer from diﬃculty in controlling relative evaporation
rates of the precursors. The most eﬃcient and stable PSCs
tend to involve two or more cations on the “A” site in the
perovskite absorber,25,26,265,338 in principle requiring ﬁne
control over several sources if such compositions are to be
prepared by vapor deposition methods. Gil-Escrig et al.339 have
deposited triple-cation Cs0.5FA0.4MA0.1Pb(I0.83Br0.17)3 absorbers, obtaining 16% PCE, demonstrating that such pathways
may not be completely out of reach. However, the advanced
state of eﬃcient, high-throughput solution processes makes
them the most likely candidates for commercialization of PSCs
or other perovskite devices in the immediate future.

5.1. Annealing

Almost all reports of halide perovskite ﬁlm fabrication involve
an annealing step. For some deposition methods, heat
treatments can occur concurrently with the deposition (e.g.,
vacuum deposition or doctor-blading onto a heated substrate).
Postdeposition annealing is particularly important in the
context of solution deposition, wherein ﬁlm formation may
be retarded by remnant solvent or other volatile species,
necessitating their removal. On the other hand, deposition
methods that yield more pure perovskite ﬁlms may still beneﬁt
from a postdeposition anneal by allowing grain coarsening to
occur. As discussed in section 3.4, grain growth is driven by an
input of thermal energy over an extended period of time, but it
is constrained by the onset of perovskite ﬁlm decomposition.
This eﬀect is illustrated in a study by Zhu et al.340 in which the
grains in solvent-engineered perovskite ﬁlms are coarsened by
post-treating with spin-cast MAI and then annealing at various
temperatures and durations (similar techniques are explored in
section 5.1.4). Figure 31 (panels A−D) depicts the
morphological eﬀects of 10 min annealing at 110, 130, 150,
and 170 °C after the MAI treatment. Below 170 °C, the
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performed using ovens or hot plates it takes 5 min to 1 h to
remove the solvent fully from perovskite precursor ﬁlms and
complete the crystallization process. Assuming a roll-to-roll
process is conducted at the speed of 1 m s−1 then a furnace 600
m long will be needed for an annealing duration of 10 min,
which is not practical for commercial manufacturing.344
Furthermore, the thermal annealing steps are expected to
add to the energy payback time of PSCs.345 Therefore, it is
necessary to develop alternative methods to replace thermal
annealing for eﬃcient/low-cost PSC production.
Radiative or optical annealing methods oﬀer some promise
for resolving this issue. Troughton et al.346 have reported the
use of near-infrared radiation (NIR) from a halogen lamp for
annealing MAPbI3 precursor solution ﬁlms (precursor ratio:
MAI:PbCl2 = 3:1), which enables rapid formation of the
MAPbI3 perovskite thin ﬁlm within 2.5 s. For comparison, to
prepare a phase-pure MAPbI3 ﬁlm based on the same
precursor composition using conventional thermal annealing,
a 30 min heat treatment at 100 °C is needed. As shown in
Figure 32A, when the ﬁlm is optically (NIR) annealed, the

average apparent grain size increases monotonically with
temperature, demonstrating the eﬀects of the grain growth
process. At 170 °C, the apparent grain size lies between that of
the 110 and 130 °C annealed ﬁlms. At this temperature, grain
growth may be compromised by concurrent thermal
decomposition of the ﬁlm. Equivalently, annealing the ﬁlm at
the same temperature but over diﬀerent time spans yields
similar results (Figure 31, panels E−H), with longer durations
at 150 °C aﬀording more time for coarsening to proceed and
consequently for increased apparent grain size.
5.1.1. Alternatives to Conductive Annealing. Despite
its wide use in the perovskite literature, the annealing step is
seldom emphasized as a process worthy of description beyond
noting its temperature and duration; often, the heat source will
not even be speciﬁed. While in most cases it can be assumed
that a hot plate is used for this purpose, potentially important
information is obscured by the terseness of these descriptions.
Like spin-coating, hot plate-annealing represents an attractive
choice for the perovskite ﬁlm maker due to its operational
simplicity, enabled by inexpensive and ubiquitous laboratory
equipment. However, this simplicity masks a complex
conductive heat-transfer process dependent on a number of
factors, including the hot-plate material (e.g., ceramic vs
metal), ﬁlm substrate (especially its thickness), and any
intervening layers between the substrate and perovskite ﬁlm
(e.g., ETL or HTL in PSCs), as well as the nature of the
interfaces between each of these components. Also, potentially
relevant are concerns of uniformity, resulting from the
distribution of heating elements in the plate and migration of
“hot spots” as the equipment ages. Moreover, perovskite ﬁlms
are rarely fabricated in a stagnant atmosphere but rather in a
circulating glovebox or fume hood with rapidly ﬂowing air,
adding a signiﬁcant convective component to the heat-transfer
pathway. The complexity of these heat-transfer modes implies
that, while straightforward to accomplish in the laboratory, hot
plate-annealing is far removed from the physical ideal of
placing the ﬁlm in equilibrium with a uniform thermal
reservoir. Hot plate-annealing is, thus, also similar to spincoating in the respect that it is largely unsuited for application
to large-scale industrial processing due to irreproducibility, as
well as diﬃculties associated with achieving conductive heat
transfer from the plate to a moving substrate, as in roll-to-roll
manufacturing. It is, therefore, important to consider other
annealing mechanisms that may be more easily applied to
industrial processes and that rely on other modes of heat
transfer.
Zhou et al.341 directly compared the eﬀects of conductive
annealing on a hot plate to those of convective annealing in an
oven for MAPbI3−xClx ﬁlms prepared by one-step spin-coating.
Both sets of ﬁlms were annealed in air at relative humidity
ranging from 10 to 90%. The oven-annealed ﬁlms displayed
more uniform coverage and smaller pinholes than the hot plate
annealed ﬁlms at humidity below 50%, but the advantage of
oven annealing at 50% RH and above is less clear.
Nevertheless, PSCs prepared using the oven-annealed ﬁlms
outperformed those annealed on the hot-plate at all humidity
levels, demonstrating that the superior uniformity oﬀered by
oven annealing may translate to improved ﬁlm quality and
consistency.341
Both conductive and convective thermal annealing processes
are not considered practical for large-scale solution production
of halide perovskite thin ﬁlms, especially for roll-to-roll
manufacturing processes. In the cases where annealing is

Figure 32. (A) Schematic representation of the heating mechanism of
NIR optical annealing of perovskite precursor ﬁlms compared with
that of convective thermal annealing. Adapted with permission from
ref 346. Copyright 2016 Royal Society of Chemistry. (B) Schematic
representation of the process using pulsed-light to sinter the asdeposited perovskite for fabricating PSCs. Adapted from ref 343.
Copyright 2016 The American Chemical Society.

heating of the sample is attributed not only to energy
absorption in the ﬁlm layer itself but also to the energy
absorption in the transparent-conductive-oxide-coated substrate.347 Thus, NIR annealing works much more eﬃciently
than conventional thermal annealing at promoting ultrafast
crystallization of halide perovskite ﬁlms. Troughton et al.346
have further fabricated PSCs based on NIR-annealed MAPbI3
perovskite ﬁlms, achieving a PCE similar to that of PSCs based
on thermally annealed MAPbI3 ﬁlms.
In a later report, Troughton et al.342 employed a new
process of photonic ﬂash-sintering based on xenon ﬂash-bulb
emission, which converts freshly spin-coated perovskite
precursor thin ﬁlms (precursor ratio: MAI:PbCl2 = 3:1) to
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Figure 33. (A) Schematic representation of the solvent annealing method for growing large-grain perovskite thin ﬁlms. (B) Cross-sectional SEM
images showing the larger apparent grain size in the MAPbI3 thin ﬁlm using solvent annealing (lower) compared with the ﬁlm using conventional
thermal annealing (upper). Reprinted with permission from ref 353. Copyright 2014 Wiley-VCH.

fully crystallized MAPbI3 thin ﬁlms within a short time period
of as little as 1 ms. Most recently, Sanchez et al.348 have used
ﬂash infrared-annealing (FIRA) to process large-area MAPbI3
thin ﬁlms on glass and plastic substrates without the use of
antisolvents, where irradiation durations are as short as 2 s.
Lavery et al.343 have also applied optical annealing to the
processing of MAPbI3 perovskite ﬁlms, using an intense pulsed
light source (2000 J of energy in a 2 ms pulse of light generated
by an xenon lamp) as the energy source. Here, as shown in
Figure 32B, the MAPbI3 thin ﬁlm was made using a typical
two-step dipping method with average apparent grain size of
∼200 nm. After the optical sintering step, the average apparent
grain size of the MAPbI3 perovskite ﬁlm increases to ∼1 μm,
without sacriﬁcing ﬁlm coverage on the substrate.343 PSCs
made with the incorporation of the optical sintering step show
improved PCE, attributed to the reduced apparent grain
boundary density as a result of the grain coarsening in the
MAPbI3 ﬁlm.343
Pulsed-laser irradiation can also be a tunable source for
performing optical annealing. Amendola et al.349 have found
that, by performing pulsed-laser irradiation in a liquid
environment, MAPbI3 perovskite nanoparticles can be
obtained easily, which conﬁrms the eﬀectiveness of the laserinduced perovskite crystallization. Jeon et al.350 have presented
the crystallization of hybrid perovskite thin ﬁlms using
scanning near-infrared laser irradiation (λ = 1064 nm). By
varying the laser irradiation conditions, the morphology and
microstructure of MAPbI3 thin ﬁlms can be widely tuned while
maintaining excellent local ﬁlm uniformity. Hooper et al.347
showed that photothermal heating of the underlying transparent-conducting substrate is responsible for the generation of
thermal energy. As with any scanning irradiation method, the
heating is local, leading to lateral thermal gradients. It remains
to be seen what eﬀect these gradients have on the uniformity of
the ﬁlms over large areas.
All the above-mentioned studies have focused only on the
synthesis of MA-based thin ﬁlms. While optical/radiative
annealing has demonstrated great promise in these reports,
there is still a lack of control over the actual temperature
conditions employed, making it diﬃcult to gain fundamental

insights into the perovskite crystallization processes induced by
optical annealing. To improve process control, Pool et al.344
designed an optical annealing chamber with halogen lamps as
the heating source. With the use of this chamber, the
temperature can be controlled precisely and relatively easily.
The detailed crystallization process of perovskites upon optical
annealing is revealed by ex situ or in situ materials
characterization. A similar mechanistic study has also been
reported by Dou et al.351 By fully understanding the
crystallization kinetics of hybrid perovskites, it has been
shown that thin ﬁlms with optimal microstructures, and thus
PSCs with superior PCE, can be achieved. Importantly, Pool et
al.344 have also demonstrated that this method can be
amenable to preparing high-quality FAPbI3 thin ﬁlms, which
are technically more challenging to make than MAPbI3 (as
discussed further in section 6.2.1.1).
Radiation outside the visible or near-visible portion of the
spectrum can also be employed in a similar manner to the
above reports. For example, Cao et al.352 have adopted
microwave irradiation to treat the MAPbI3 precursor ﬁlm at a
ﬁxed output power. It has been shown that the microwaves can
remove the solvent quickly, inducing rapid crystallization of
MAPbI3 thin ﬁlms with a relatively large apparent grain size of
∼400 nm.
5.1.2. Solvent Annealing. Solvent annealing, or more
accurately solvent vapor annealing, was previously applied to
increase polymer chain mobility in polymer thin ﬁlms, and it is
widely recognized in the ﬁeld of organic PVs.354 Originally, in
this method, the polymer ﬁlm is exposed to a solvent
atmosphere at room-temperature, causing the polymer to
swell. This method has also been found to be very useful for
enhancing perovskite ﬁlm crystallinity and quality and for
achieving higher-performance PSCs. Xiao et al.353 reported the
use of solvent annealing for treating MAPbI3 thin ﬁlms,
performed according to the procedure shown in Figure 33A,
where a substrate capped with sequentially deposited layers of
MAI and PbI2 is placed on a hot plate, and the solvent vapor is
introduced by placing a drop of the solvent on the hot plate.
The whole system is covered by a Petri dish to contain the
solvent-vapor atmosphere. As shown in the SEM images in
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Figure 34. Top-view SEM images showing the morphology of a MAPbI3 ﬁlm (derived from a precursor composition of PbCl2 and MAI, molar
ratio: 1:3) processed with (A) conventional thermal annealing and (B) vacuum-assisted annealing. Adapted from ref 358. Copyright 2015
American Chemical Society.

Figure 33B, the MAPbI3 ﬁlms annealed in a DMF solvent
vapor show signiﬁcantly higher apparent grain size and
crystallinity, compared to ﬁlms made using normal thermal
annealing at the same temperature without the DMF vapor
present. As a result, the carrier-diﬀusion lengths of MAPbI3
thin ﬁlms are increased to more than 1 μm. While the
mechanisms underlying solvent annealing-induced grain
growth have not been discussed in detail in this study, it is
assumed that the DMF solvent vapor can “soften” the thin ﬁlm
structure (presumably by forming liquid or liquidlike phases at
the ﬁlm surface and at grain boundaries) and allow facile
migration of grain boundaries.353 With consideration of the
possible formation of a continuous liquid phase during solventvapor annealing, it is likely that the grain growth occurs by the
Ostwald ripening process, as described in section 3.4.
Following the report by Xiao et al.,353 solvent annealing
methods using diﬀerent types of solvent vapors have been tried
for preparing large-grain MAPbI3 ﬁlms. Liu et al.355 systematically investigated the eﬀect of solvent-vapor type (DMF,
GBL, and DMSO) on the grain growth of MAPbI3 thin ﬁlms,
as these are the most commonly used polar aprotic solvents for
perovskite precursor solution preparation. The average
apparent grain size in the resultant MAPbI3 ﬁlms is roughly
the same for GBL and DMF but much larger for DMSO. This
ordering may reﬂect the trend for the vapor pressure of these
solvents at room temperature (GBL: 1.5 Torr; DMF: 2.7 Torr;
and DMSO: 0.42 Torr), with the less volatile DMSO
presumably able to more readily inﬁltrate the ﬁlm and remain
in the condensed state while conﬁned. Although DMF is more
volatile than GBL, it has a lower Mayer bond order and, thus,
its higher propensity to coordinate to Pb balances its increased
vapor pressure, perhaps explaining the similarity of the DMFand GBL-annealed ﬁlm microstructures. The DMSO solvent,
which exhibits the lowest vapor pressure and the strongest
coordination power, is expected to have the most obvious
interaction with the MAPbI3 perovskite ﬁlms, and thus results
in the largest apparent grain size. On the basis of this
correspondence, it is speculated that during the solventannealing treatment, the vapor of the polar solvents attacks the
ﬁlms preferably on surfaces and grain boundaries and mediates
the grain growth. Besides the commonly used solvents that
exhibit high solubility for MAPbI3, alcohol-based solvents (e.g.,
methanol, ethanol, isopropanol)356 and mixed solvent
systems357 are also used for improving the solvent annealing
approach. Optimizing the solvents for solvent annealing is
important for achieving the best ﬁlms for PSCs and related
optoelectronic devices, due to a generally expected trade-oﬀ in
the microstructural features (e.g., coverage, grain size, surface

roughness, grain boundary grooving, pinholes, ﬁlm−substrate
interfaces) in the ﬁnal ﬁlms.
Solvent annealing has also been applied to the preparation of
large-grain FAPbI3 perovskite thin ﬁlms. Interestingly, a
mechanism that diﬀers from the case of MAPbI3 ﬁlms is
proposed to be responsible for the grain growth. Yadavalli et
al.227 studied the evolution of FAPbI3 ﬁlms by monitoring the
phase and microstructure development of a spin-coated
nonperovskite FAPbI3 precursor ﬁlm upon DMSO solvent
vapor annealing. Annealing such a ﬁlm in the solvent vapor
allows the nucleation and grain growth of perovskite FAPbI3
within the nonperovskite FAPbI3 matrix, which ﬁnally forms a
phase-pure FAPbI3 perovskite thin ﬁlm with exceptionally large
grain size (∼5 μm). The presence of DMSO vapor signiﬁcantly
lowers the activation energy barrier for the nonperovskite-toperovskite FAPbI3 phase transformation. The eﬀect of solvent
vapor type on the solvent annealing of FAPbI3 ﬁlms has not
been widely studied, however, making it an interesting research
topic for the future.
5.1.3. Vacuum-Assisted Annealing/Drying. Vacuum
can be controlled as an additional processing parameter during
perovskite precursor thin ﬁlm annealing, impacting the
chemical-conversion kinetics of the reagents. In particular,
vacuum may be useful when the excess components in the
perovskite precursors are not easily removed through conventional ambient-pressure thermal annealing. Xie et al.358 have
demonstrated the use of vacuum-assisted annealing for
synthesizing MAPbI3 ﬁlms from a precursor mixture of 3:1
MAI:PbCl2. In this combination, MAPbI3 is formed by the
reaction 3MAI + PbCl2 → MAPbI3 + 2MACl, where the
byproduct MACl sublimes at 195 °C. Without the application
of vacuum during annealing, MACl cannot be rapidly
eliminated from the ﬁlm, resulting in moderate MACl
aggregation. These aggregates induce the formation of small
pores in the ﬁlm after the MACl is fully sublimed during
further annealing. Application of vacuum during annealing
accelerates the sublimation of MACl, driving the formation
reaction of MAPbI3 forward and facilitates crystallization. The
temperature during vacuum-assisted annealing also impacts
perovskite crystallization. By controlling the vacuum level and
annealing temperature, Xie et al.358 achieved balanced MACl
formation and sublimation. The resultant MAPbI3 thin ﬁlms
not only inherit the merits of strong texture and crystallinity
from the mixed-precursor (i.e., MAI and PbCl2) approach but
also have full coverage on the substrates (Figure 34) and a
root-mean-square (RMS) roughness of as low as 9 nm. In this
context, the MAPbI3 thin ﬁlms formed via the vacuum-assisted
annealing method may exhibit signiﬁcantly enhanced optoelectronic properties for PSC operation. It has also been found
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that the vacuum may help to completely eliminate the MACl in
the MAPbI3 perovskite ﬁlm, thereby improving the operational
stability of devices prepared using such ﬁlms. Han et al.15 have
demonstrated the use of vacuum-based treatment for removal
of both additives as well as solvent. As discussed in more detail
in section 6.2.3.2, relatively large additions of MASCN (e.g., 40
mol % excess relative to MAPbI3) appear to enable growth of
large grains of MAPbI3, with no postdeposition heat treatment
necessary. In this case, the vacuum-treatment removes both the
solvent and the excess MASCN (possibly as MA0 and HSCN
gases) from the sample.
Vacuum can also be directly used in the absence of heating
to dry the precursor ﬁlm and crystallize the perovskite when a
stoichiometric precursor ratio is used, as noted in section 4.1.1.
Gao et al.359 applied vacuum pumping on a freshly spin-coated
precursor thin ﬁlm derived from a 1:1 MAI:PbI2 precursor
solution in DMF. The vacuum pumping allows for rapid
removal of DMF solvent from the precursor ﬁlms, inducing
rapid nucleation of MAPbI3 and resulting in the formation of
exceptionally smooth MAPbI3 thin ﬁlms.359 In a similar study
reported by Li et al.,255 DMSO was used instead of DMF as
the solvent for the deposition of perovskite of nominal
“FA0.81MA0.15PbI2.51Br0.45” composition, reﬂecting the stoichiometry of the precursor solution rather than the ﬁnal ﬁlm. In
this case, after drying the precursor ﬁlm under vacuum, a
uniform solid ﬁlm [referred to as a Lewis acid−base adduct,
probably incorrectly, as discussed in section 3.1.2.1, and
perhaps consisting of an FA- and Br-containing analog of
(MA)2Pb3I8·2DMSO] distinct from the expected perovskite
phase, is ﬁrst crystallized. The stronger coordination power of
DMSO compared to DMF may be responsible for the
observed diﬀerence. The perovskite-adduct is then transformed
to perovskite during a subsequent thermal annealing step,
while the smooth ﬁlm morphology is retained during the
conversion process. By using the vacuum-assisted drying
method, Li et al.255 demonstrated 1 cm2 PSCs with a certiﬁed
PCE of 19.6%, which was a record for cells of that size at the
time. Li et al.255 have also shown that this method is versatile
for preparing perovskite ﬁlms over a wide range of other
compositions.
5.1.4. MAX (X = I or Cl) Annealing. MAX (X = I or Cl)
annealing is a unique processing method developed exclusively
for making perovskite thin ﬁlms, especially MAPbI3. The main
purpose of MAX annealing is to create a MA+-ion-rich
environment that facilitates the formation and grain growth
of MAPbI3 ﬁlms. It also raises the ambient chemical potential
of volatile MAX, preventing associated ﬁlm decomposition due
to its evolution from the ﬁlm during annealing. While similar to
the two-step spin-coating and VASP processes discussed in
sections 4.2.2 and 4.2.3, MAX annealing can also be applied to
already formed perovskite ﬁlms deposited by other processes,
as its eﬀects on grain growth and prevention of decomposition
are generally applicable. Note also that, for processing MAPbI3
thin ﬁlms, when MABr annealing is applied, an ion-exchange
reaction can occur that leads to the formation of MAPbI3−xBrx
ﬁlms instead of MAPbI3.270,360 By contrast, annealing in MACl
does not induce signiﬁcant ion exchange in MAPbI3 ﬁlms,
since Cl does not easily incorporate into the MAPbI3 lattice, as
is explained in more detail in section 6.1.3.
The MAX-annealing processing setup is similar to that used
in solvent annealing (section 5.1.2) and also to VASP (section
4.2.3). As shown in Figure 35A, the annealing of MAPbI3
perovskite thin ﬁlms is performed in a closed vessel where

Figure 35. (A) Schematic illustration of the setup for performing
MAX (X = Cl or I) annealing and the proposed chemical equilibrium
during the MAX annealing process of MAPbI3 ﬁlms. Adapted from ref
363. Copyright 2015 American Chemical Society. Also adapted with
permission from ref 362. Copyright 2017 Royal Society of Chemistry.
(B) Top-view SEM images showing the morphology of the MAPbI3
thin ﬁlm before and after MACl annealing. Adapted with permission
from ref 362. Copyright 2017 Royal Society of Chemistry.

MACl (or MAI) powder is also present. When MACl is used,
the low sublimation temperature of 195 °C and enthalpy of
sublimation (78 kJ mol−1) allows the generation of suﬃcient
MACl partial pressure at a moderate annealing temperature of
∼100 °C.361,362 The SEM images in Figure 35B show that the
MAPbI3 perovskite ﬁlms processed with the MACl-annealing
have increased apparent grain size and reduced apparent grainboundary density. It is likely that the excess MACl vapor
compensates the partial loss of the MA+ ions during the
annealing process, which reduces the formation of typical
defects in the thin ﬁlms such as grain boundaries. In a very
similar approach, Tosun et al.363 have observed that
postannealing of MAPbI3 ﬁlms in a MAI-vapor atmosphere
also results in a signiﬁcant increase in apparent grain size and
carrier lifetime. The eﬀect of MAX annealing is consistent with
the observed grain growth phenomenon that occurs when
excess MAX phases are incorporated in the solution processing
of MAPbI3 thin ﬁlms.232,277
MAX-annealing can also be conducted in the solid phase.
Here, MAX is simply solution-deposited on the top of the asfabricated MAPbI3 ﬁlms as a thin capping layer (very similar to
the two-step spin-coating process described in section 4.2.2),
followed by thermal annealing. Using solid-MACl annealing,
Chen et al.131 have shown that a thin textured intermediate
top-layer forms immediately after the deposition of MACl on
top of a regular polycrystalline MAPbI3 ﬁlm. Upon subsequent
thermal annealing, the characteristic texture propagates
through the entire MAPbI3 ﬁlm, resulting in a new MAPbI3
ﬁlm with a strong orientation favoring tet(110) planes. In
addition to texture development, solid-MAX annealing can also
induce abnormal grain growth behavior, as reported by Dong
et al.132 After multicycle coating of MAI/MACl blends and
annealing, some of the MAPbI3 grains in the thin ﬁlm exhibit
exceptionally large apparent size, up to ∼3 μm. The texture
propagation and abnormal grain growth behavior appear to be
related to both MA+ and Cl− ions; although the exact
mechanisms are still unclear, they may relate to the preferential
orientation of perovskite ﬁlms grown from Cl-containing
precursors, as discussed further in section 6.1.3. MAX3238
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Figure 36. (A) In situ optical microscopic observation of the interaction of MAPbI3 perovskite with CH3NH2 gas (a model experiment). (B)
Schematic representation of the process of smoothing MAPbI3 perovskite thin ﬁlms using the CH3NH2 gas dosing method. (C) Top-view SEM
images comparing the MAPbI3 perovskite ﬁlm morphology before (top) and after (bottom) the CH3NH2 gas dosing. Reprinted with permission
from ref 180. Copyright 2015 Wiley-VCH.

crystals of the model experiment. On the basis of the
understanding of this MAPbI3-MA0 chemical interaction
behavior, Zhou et al.180 proposed a simple method (see
Figure 36B) for forming a uniform, smooth MAPbI3 thin ﬁlm.
This procedure entails placing a nominally processed rough
MAPbI3 ﬁlm in the MA0 gas atmosphere for one second to
form a MAPbI3·xCH3NH2 liquid ﬁlm, followed by removing
the ﬁlm from the MA0 gas atmosphere.180 As shown in Figure
36C, the structural defects (e.g., pinholes) in the starting
MAPbI3 thin ﬁlms are immediately healed after the MA0 gas
treatment. Since the phase stability of the MAPbI3·xCH3NH2
liquid intermediate depends on the MA0 gas atmosphere, the
partial pressure PMA of MA0 gas in the atmosphere can have an
important impact on the transformation behavior of MAPbI3.
The defect-healing occurs at a relatively high PMA but not at
low PMA, which may be because the MA0 gas pressure can
inﬂuence the x value in MAPbI3·xCH3NH2 and, in turn, the
state (liquid or solid) of this intermediate compound.365 In
another study by Jacobs et al.,366 the phase transition of
MAPbI3 thin ﬁlms under a constant MA0 gas atmosphere is
studied as a function of the annealing temperature. Indeed, the
transformation of the MAPbI3·xCH3NH2 thin ﬁlm from liquid
to solid state occurs at a certain temperature under constant
MA0-gas atmosphere, which is consistent with the observations
from Zhao et al.365
The type of the organic gas also has a strong impact on the
defect-healing behavior of MAPbI3. Zhou et al.180 have used
diﬀerent gases (NH3, C2H5NH2, and C4H9NH2) to treat the
raw MAPbI3 thin ﬁlms. In the case of NH3, an optically
bleached intermediate phase is formed upon gas exposure, but
the intermediate phase still maintains a solid state, and
correspondingly, there is no signiﬁcant morphological change
after the gas treatment, consistent with an earlier report.367 In
the case of C2H5NH2 and C4H9NH2 gases, liquid-state
intermediates form and the gas treatment results in a similar
defect-healing behavior like MA0 gas. These observations
highlight the important role of the solid-to-liquid state change
on the healing behavior. However, those liquid-intermediates

annealing has also recently been applied to allow so-called
“vertical recrystallization” of FAPbI3 thin ﬁlms. Following this
approach, Xie et al.364 have coated a solid layer of MACl on
top of the solution-formed δ-FAPbI3 nonperovskite thin ﬁlm
and then annealed the stacked layers. The phase transformation from nonperovskite to perovskite occurs gradually
during annealing, resulting in a compact and highly textured
FAPbI3 ﬁlm. FAPbI3 thin ﬁlms fabricated using this solidMACl annealing method show much longer carrier lifetimes
and enhanced PSC performance, attributed to the unique
microstructure developed during solid-MACl-annealing.
5.2. Organic-Gas Dosing

5.2.1. Methylamine Defect-Healing. The sensitivity of
halide perovskite thin ﬁlms to organic-gas atmospheres is
widely recognized, and this “soft” feature of perovskites has
become the basis of engineering the microstructure/morphology of perovskite ﬁlms.60 In 2015, Zhou et al.180 reported that
MAPbI3 undergoes an interesting phase/morphology transformation upon interaction with methylamine (CH3NH2 or
MA0) gas. Figure 36A shows a model experiment that
demonstrates this unprecedented phenomenon. When two
touching MAPbI3 crystals are exposed to the MA0 gas at room
temperature, the surfaces of the MAPbI3 crystals immediately
start to “melt” until the two crystals merge into a single drop of
liquid. The liquid phase is an intercalation compound of
MAPbI3·xCH3NH2, and it is stable only under the MA0 gas.
Once the MA0 atmosphere is removed, the intercalated MA0
molecules in the MAPbI3·xCH3NH2 liquid are released,
converting MAPbI3·xCH3NH2 back to the MAPbI3 perovskite.
Note that the x value in MAPbI3·xCH3NH2 can be dependent
on the MA0 equilibrium that is established at the gas−liquid
interface. When the same phenomenon occurs in the form of
thin ﬁlms, the MAPbI3 → MAPbI3·xCH3NH2 → MAPbI3
reactions are completed in only a couple of seconds. The
rapidity of these transformations is most likely due to the
nanoscale nature and high surface area-to-volume ratio of the
thin ﬁlm compared with the large and relatively isotropic single
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with the ﬁlm also inheriting the merits of the typical MA0-gastreated perovskite ﬁlms, such as high uniformity, outstanding
crystallinity, and a desirable tet(110) texture.
Forming highly smooth MAPbI3 perovskite thin ﬁlms
through the methylamine dosing method does not necessarily
need to start with raw ﬁlms of the MAPbI3 phase. Considering
that MA0 itself can be one building block of MAPbI3, the
formation of MAPbI3 can be achieved by performing the MA0
treatment on inorganic HPbI3 and NH4PbI3 ﬁlms. Pang et
al.181 exposed a nominally processed rough HPbI3 thin ﬁlm to
MA0 gas. The ﬁrst product upon the reaction of HPbI3 with
MA0 gas is not MAPbI3 but rather MAPbI3·xCH3NH2 liquid.
It has been proposed that during the room-temperature HPbI3
→ MAPbI3 conversion process, excess MA0 can be taken up as
soon as the MAPbI3 nucleates via the combination reaction of
HPbI3 and MA0, which is responsible for the direct conversion
of HPbI3 to MAPbI3·xCH3NH2. In the next step, the MAPbI3·
xCH3NH2 liquid rapidly (∼1 s) converts to a smooth MAPbI3
ﬁlm after the MA0 gas removal. While there is a question as to
whether HPbI3 is a pure inorganic crystalline phase or a
solvated intermediate phase (HPbI3·DMF), in this process this
issue does not appear to matter. In another approach by Zong
et al.,216 NH4PbI3 has been studied as the starting material to
react with MA0 gas at room temperature. In this case, the ﬁrst
reaction that occurs is NH4PbI3 + MA → MAPbI3 + NH3,
where a NH3 gas byproduct is generated. The NH3 gas resists
the excess MA0 ingress in the as-nucleated MAPbI3 until the
NH3-gas forming reaction is nearly completed. Therefore, in
this process, a MAPbI3 thin ﬁlm with a similar morphology to
NH4PbI3 was initially formed, which then undergoes the same
morphology-phase transformation process as that of the
MAPbI3-MA0 interaction. Furthermore, Raga et al.215 have
demonstrated that even starting with PbI2, MAPbI3 perovskite
can form by interaction with MA0 gas. However, moisture or
solvent vapor must be present in order to provide protons to
form MAPbI3. The conversion behavior is similar to the
NH4PbI3-MA0 interaction. This is because the ﬁrst reaction of
PbI2 and MA0 gas in the moisture/solvent atmosphere has a
byproduct of PbO that plays a similar role in preventing the
instant ingression of MA0 gas.
The MA0 gas treatment method can also be extended to
perovskite compositions other than pure MAPbI3. Chang et
al.369 have used the same method to prepare Cs-doped
MAPbI3 thin ﬁlms, which are signiﬁcantly more stable than
phase-pure MAPbI3 perovskite analogs. By this method, up to
10 mol % Cs+ cations are likely to be fully incorporated into
the crystal lattice, which may enhance the moisture/light
stability by forming a more symmetrical cubic perovskite
structure than the tetragonal MAPbI3 at room temperature. It
is likely that the MA0 dosing method can enable highly
homogeneous Cs incorporation throughout the thin ﬁlms,
representing a potential advantage of the MA0 gas treatment
method.
5.2.2. Pyridine-Mediated Recrystallization. Similar to
the MA0 defect-healing method, treatment of a pristine
MAPbI3 perovskite ﬁlm with pyridine vapor can also mediate
the recrystallization of MAPbI3 at room temperature through
an optically bleached intermediate phase (Figure 38A). Jain et
al.370 have employed Raman spectroscopy and density
functional theory (DFT) calculations to investigate the
chemical mechanisms underlying this process. The intermediate ﬁlm is a multiphase mixture consisting of MAI crystals and
amorphous PbI2(pyridine)2, the latter of which arises through

derived from C2H5NH2 and C4H9NH2 gas intercalation cannot
recrystallize to phase-pure MAPbI3, presumably due to the
occurrence of undesired cation-displacement reactions.
As-formed MAPbI3 perovskite thin ﬁlms made using the
MA0 defect-healing method exhibit several beneﬁcial attributes
such as pinhole-free morphology, preferred tet(110) orientation, extreme uniformity, and low roughness. However, one
major drawback is that these ﬁlms invariably contain grains
with small apparent size, associated with the fast nucleation
rate induced by the extremely facile self-degassing of MA0 in
the liquid intermediate. It is, however, possible to overcome
this issue by manipulating the two key parameters of annealing
temperature and PMA in the MA0 treatment process. In this
context, Jacobs et al.366 have proposed a 2D phase diagram
that comprehensively illustrates the phase transition of
MAPbI3 to MAPbI3·xCH3NH2, which makes clear the
parameters required for achieving desirable MAPbI3 ﬁlm
microstructures. Through this eﬀort, full-coverage MAPbI3
ﬁlms with apparent grain size up to several tens of micrometers
can be successfully prepared. In another report by Jiang et
al.,368 the MA0-gas treatment was performed on a smooth raw
MAPbI3 ﬁlm at a constant high temperature of 150 °C,
resulting in signiﬁcant reduction in defects and apparent grainboundary grooving.
Additives can be also introduced into the MA0 gas treatment
method to tune the grain growth of MAPbI3 ﬁlms. Ji et al.138
incorporated a controlled amount of MACl into the raw
MAPbI3 thin ﬁlm. Similar to MAPbI3, MACl itself uptakes
MA0 gas molecules at room temperature and forms a liquid
intermediate phase that could convert back to MACl. In this
context, the addition of MACl in the raw ﬁlm allows the
formation of a liquid intermediate with a new composition of
MAPbI3·MACl·xCH3NH2, as shown in Figure 37. This
intermediate phase exhibits a tailored metastability compared
with MAPbI3·xCH3NH2. It ﬁrst releases MA0 gas and converts
to a smooth solid phase of MAPbI3·MACl, which gradually
converts to MAPbI3 by releasing MACl at an elevated
temperature (150 °C). This process appears to allow the
MAPbI3 grains to grow signiﬁcantly (Figures 19C and 19D),

Figure 37. Optical images showing the formation of the MAPbI3·
MACl·xCH3NH2 liquid precursor based on the intercalation of
CH3NH2 into the MAPbI3·MACl solid. Adapted from ref 138.
Copyright 2017 American Chemical Society.
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Figure 38. (A) Photographs of experiments showing the reversible interaction of MAPbI3 with pyridine vapor at room temperature. (B) Top-view
SEM images showing the morphology of the MAPbI3 perovskite ﬁlm before and after the pyridine vapor treatment. (C) PL mapping of the MAPbI3
ﬁlm before and after the pyridine vapor treatment. Adapted with permission from ref 370. Copyright 2016 Royal Society of Chemistry.

preferential formation of a frustrated Lewis pair with partial
lone-pair electron donation from the N atom in pyridine
(Lewis base) to Pb (Lewis acid). After the pyridine-induced
recrystallization, the MAPbI3 perovskite ﬁlms exhibit improved
morphology and PL (Figures 38, panels B and C), and the
associated PSC performance increased from 9.5% PCE to
more than 18% PCE. Hysteresis was largely suppressed, and
the best PSC shows a high VOC of 1.15 V.370 The enhanced
PSC performance may not only be due to the morphology
healing eﬀect but also passivation of the perovskite surfaces
due to the pyridine vapor exposure. In fact, in early studies by
Noel et al.371 and deQuilettes et al.,136 it has also been
suggested that pyridine can form chemical bonds with undercoordinated Pb atoms within MAPbI3 grains through the Lewis
acid−base interaction noted above, passivating defects within
the ﬁlms. The preferential binding of pyridine molecules to Pb
atoms on the exterior of MAPbI3 perovskite crystals (i.e., at the
grain boundaries or interfaces) has also been conﬁrmed by
Ahmed et al.372 using DFT calculations.
5.2.3. Formamidine-Induced Perovskite Conversion.
Although most research in halide perovskite thin ﬁlms has thus
far focused on the MAPbI3 composition, FAPbI3-based
perovskites have emerged as a more promising composition
for their improved thermal stability and extended light
absorption. Converting as-formed high-quality MAPbI3 perovskite ﬁlms to FAPbI3 directly, while preserving the original
morphology, can be a promising strategy. To realize this goal,
Zhou et al.373 have adopted an organic-cation-displacement
reaction of MAPbI3 with formamidine (HC(NH)NH2 or
FA0) gas. The chemical reaction is illustrated in Figure 39A. In
this experiment, MAPbI3 ﬁlms are exposed to FA0 gas at an
elevated temperature (150 °C).373 Since the heat-treatment
condition and MA0 gas byproduct from this cation-displacement reaction resist the ingress of excess-FA0 molecules into
the as-formed FAPbI3, the original morphology of the raw
MAPbI3 thin ﬁlms is perfectly preserved in the resultant
FAPbI3 ﬁlms (Figure 39B). The success of this morphologypreserving perovskite conversion approach is also related to the
fact that, unlike ion-exchange reactions (discussed in section
5.3), this reaction is a rapid redox reaction with low
reversibility, and it is solvent-free.
5.2.4. Large-Molecular Amine Gas-Induced Passivation. Large organic amine molecules are usually less successful
than methylamine or pyridine for mediating reversible gasinduced transformation of MAPbI3 thin ﬁlms, presumably
because undesirable cation-displacement reactions can occur

Figure 39. (A) Schematic illustration of the morphology-preserving
conversion of the MAPbI3 perovskite thin ﬁlm into a FAPbI3
perovskite ﬁlm, based on the organic-cation displacement reaction
of the MAPbI3 perovskite with formamidine gas. (B) Top-view SEM
images showing the morphology of the MAPbI3 and the as-converted
FAPbI3 perovskite ﬁlms. Adapted from ref 373. Copyright 2016
American Chemical Society.

between MAPbI3 and these amine gases, resulting in the
formation of stable wide-bandgap compounds that are not
amenable to back-conversion to MAPbI3. Nevertheless,
controlled exposure of MAPbI3 to these large molecular
amine gases could signiﬁcantly modify the surface and physical
properties of the perovskite ﬁlms. Wang et al.374 annealed
FAPbI3 thin ﬁlms in an atmosphere of benzylamine gas. The
optoelectronic properties of the ﬁlms are markedly improved
due to the resultant surface passivation, similar to the eﬀects of
pyridine. More importantly, due to the hydrophobic nature of
the phenyl functional groups, this ﬁnal FAPbI3 perovskite ﬁlm
shows considerably higher moisture tolerance (no degradation
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Figure 40. (A) Schematic illustration showing the mechanism of the organic-cation (A-site cation) exchange in a perovskite ﬁlm placed in a
solution. (B) UV−vis spectra showing the gradual conversion of the MAPbI3 perovskite ﬁlm to the FA+-richer mixed-organic-cation perovskite ﬁlm,
along with an increase in the reaction time. Adapted with permission from ref 375. Copyright 2016 Royal Society of Chemistry. (C) Schematic
illustration of the B-site cation exchange process for fabricating the mixed Pb−Sn perovskite thin ﬁlms. Adapted from ref 376. Copyright 2017
American Chemical Society. (D) Schematic illustration of the perovskite interconversion based on halide (X-site) exchange reactions. Adapted
from ref 377. Copyright 2015 American Chemical Society.

the activation energies for I− and MA+ ions in MAPbI3 are as
low as 0.6 and 0.8 eV, respectively.380,381 The ion-exchange
reactions can occur for all the A-, B-, and X-sites, as shown in
Figure 40 (panels A, C, and D, respectively), enabling the facile
synthesis of halide perovskite thin ﬁlms over a wide
compositional range.
The ﬁrst demonstration of ion exchange was for the X-site
anions, where Pellet et al.382 observed a strikingly rapid halide
exchange in MAPbX3 (X = I, Br, Cl) ﬁlms. These reactions
were performed by simply exposing the as-deposited MAPbX3
thin ﬁlms to a relatively dilute (0.05 M) solution of MAX. It
was shown that all halide exchange reactions, except from
bromide to iodide, can be completed within minutes,
conﬁrming the facile transport of the halide ions within the
perovskite lattice. During the exchange reactions, the
morphology of the perovskite can be well-preserved. Through
the halide exchange shown in Figure 40D, MAPbI3, MAPbBr3,
MAPbCl3 and mixed-halide perovskite alloys can readily be
formed.382 It has since been demonstrated by others that
similar halide exchange can occur in the FAPbX3383 and
CsPbX3384 perovskites. Such halide exchange reactions can also
be conducted using HX gases, which allow for more reliable
morphology preservation.385
A-site ion exchange is performed mostly for the purpose of
converting MA-based perovskites to FA-based based perovskites with extended light absorption and improved thermal
stability. This approach can be promising and important
because FA-based perovskites are relatively diﬃcult to
synthesize. Eperon et al.386 reported the ﬁrst demonstration
of A-site ion-exchange for interconversion between MA-based
and FA-based perovskites. By dipping thin ﬁlms of MAPbI3 or
FAPbI3 in isopropanol solutions of FAI or MAI, respectively, at
room temperature, their bandgaps could be tuned between

after >2800 h air exposure) compared to the neat FAPbI3 ﬁlms,
which degrade rapidly over the course of a few days. An
especially interesting conclusion from this study is that altering
the length of the amine tethering group yields strikingly
diﬀerent results. Films treated with aniline (where the amine
group is directly attached to the aromatic ring) and
phenethylamine (where an ethyl group connects the aromatic
and amine groups) fared little better than the untreated
FAPbI3 ﬁlm in terms of environmental robustness. DFT
calculations indicate that, while the packing of terminal
anilinium and phenethylammonium cations on the surface of
the FAPbI3 perovskite crystals is irregular, the benzylammonium cations pack regularly with the benzene rings
perpendicular to the perovskite surface. The calculations
further indicate that water molecules penetrating the aromatic
ammonium surface maintain a greater distance from the
underlying Pb−I layer for the benzylammonium-functionalized
surface than for the others, illustrating its superior waterrepelling properties.374
5.3. Ion-Exchange Induced Perovskite Interconversion

The ion-exchange reaction is a synthetic concept that has been
widely explored for the synthesis of III−V and/or II−VI
semiconductor nanocrystals.378,379 Ion exchange can occur
upon exposure of nanocrystals to a solution containing the
desired cations and/or anions, driven by mass diﬀusion. On
the basis of the nature of the exchange, it is often used to tailor
the composition of thin ﬁlms or nanostructures, without
signiﬁcant changes in the morphology or shape. In this context,
this strategy is very useful for forming new materials with
compositions that are not immediately attainable via direct
synthesis.379 In halide perovskites, the activation energies for
defect-mediated diﬀusion of the A-, B-, and X-sites are all
relatively low compared with those of hard materials. Notably,
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in the perovskite polymorph and serves as a perovskite crystal
“template” for the targeted MAxFA1−xPbI3 composition.

1.57 and 1.48 eV. The chemical conversion is uniform through
the entire thin ﬁlm without the formation of segregated
structures/phases. It is worth noting that, through this A-site
ion exchange, phase-pure FAPbI3 perovskites can be deposited
into mesoporous TiO2 scaﬀolds. This approach has addressed
a signiﬁcant challenge in the PSC ﬁeld, as mesoporous TiO2
layers are important in many high-PCE PSCs, and this
substrate favors the crystallization of FAPbI3 in the nonperovskite polymorph when prepared by normal solutionbased processing methods.224 However, the results by Eperon
et al.386 have shown that the conversion kinetics of MAPbI3 to
FAPbI3 are relatively sluggish, and thus a long dipping time
(several hours) is required in the FAI isopropanol solution.
Prolonged immersion causes severe damage to the thin ﬁlm
morphology due to the solubility of hybrid perovskites in
isopropanol. To address this issue, Ji et al.375 have further
proposed a balanced A-site cation exchange reaction by
controlling the temperature during the dipping process. As
shown in Figure 40A, the MA-FA cation exchange process is
expected to consist of two subprocesses. One is MA-FA cation
exchange at the solid−liquid interface, and the other is the
interdiﬀusion of FA+ cations into the ﬁlm bulk. Both
subprocesses are considered thermodynamically favorable,
and they are thereby controllable through tailoring of the
reaction temperature. The increase in the dipping temperature
will accelerate the conversion kinetics of MAPbI3 to FA-based
perovskites and reduce the occurrence of side reactions
forming FA-based nonperovskite polymorphs. However, higher
temperature also accelerates the detrimental dissolution of
perovskites in isopropanol. In this context, Ji et al.375 found
that by optimizing the temperature to ∼60 °C, FA-rich thin
ﬁlms can form (Figure 40B) while retaining the desirable
morphology of the original MAPbI3 ﬁlms (attributable to the
balanced A-site cation exchange reaction in solution at the
optimized temperature). A-site cation exchange reactions using
vapor-based methods can also resolve the morphology
preservation issue.387
Although large activation energies for B-site motion in
hybrid perovskites are predicted using theory,381 B-site cation
exchange is possible. Eperon et al.376 immersed a smooth
FASnI3 perovskite ﬁlm (deposited using the antisolvent/
solvent extraction method150) into a dilute solution of PbI2 in
trioctylphosphine and toluene (Figure 40C). Despite heating
the mixture to 70 °C, the exchange reaction of FASnI3 with
PbI2 progressed slowly over the course of days. The reaction
may be interrupted during the conversion, forming stable
FASnxPb1−xI3 alloys with controllable Sn:Pb ratio. Once again,
during the phase conversion, no segregated perovskite phases
were detected.
The ion-exchange reactions play very important but
“hidden” roles in the formation process of hybrid perovskites
through many additive approaches. There are a few recent
studies that point out ion-exchange reactions as the underlying
mechanism for the formation of compact perovskite ﬁlms. Li et
al.388 have studied the evolution of MAxFA1−xPbI3 thin ﬁlms
from MA+-ion-rich precursors. The initially formed perovskite
phase from the MA+-ion-rich precursors is MA-rich relative to
the target composition, but then it is gradually converted to the
target composition by solid-state ion-exchange reaction of
MAxFA1−xPbI3 with the solid FACl precursor. This process
greatly reduces the possible formation of MAxFA1−xPbI3
nonperovskite polymorphs. Unlike MA x FA 1 − x PbI 3 ,
MAyFA1−yPbI3 with a lower FA+ content tends to crystallize

5.4. Mechanical Compression

Halide perovskites are considered a family of mechanically
“soft” materials, compared with conventional hard materials
like Si and Al2O3. Ramirez et al.61 have shown that MAPbI3 has
a Young’s modulus of ∼18 GPa, hardness of ∼0.6 GPa, and
fracture toughness of ∼0.2 MPa m0.5, and other reports58,59
have estimated similar Young’s modulus and hardness values
for MAPbX3 (X = I, Br, Cl) as well as the all-inorganic
perovskite CsPbBr3. This behavior opens up the possibility to
introduce signiﬁcant compressive strain for tuning the
formation or crystallization of halide perovskite thin ﬁlms.
Xiao et al.389 have proposed, for example, simple hot-pressing
as an eﬀective post-treatment method for engineering MAPbI3
ﬁlms. In this method, a rough MAPbI3 ﬁlm full of pinholes is
reconstructed to a smooth, pinhole-free thin ﬁlm, greatly
improving its charge-transport properties and device functionality. The improvement may be related to grain coalescence
and coarsening induced by the combined eﬀect of annealing
and mechanical pressure. A cold-roll pressing method was later
developed by Abdollahi Nejand et al.,390 where the surface of
the perovskite layer is ﬁrst partially dissolved by exposing the
ﬁlm to a low-pressure DMF vapor (exploiting similar
mechanisms to those at work in solvent annealing), followed
by cold-roll pressing that compresses and spreads the partially
dissolved perovskite. This method also transforms a nominally
processed defective perovskite ﬁlm to a continuous compact
thin ﬁlm structure. They further reported a fully solid-phase
compression method, wherein ball-milled ﬁne MAPbI3 perovskite solid powders are ﬁrst spray-coated onto a substrate and
then subjected to hot compression.391 Nevertheless, forming
fully compact MAPbI3 ﬁlms using this method still represents a
challenge, and PSCs made using this method show a relatively
low PCE (<10%).
In addition to eliminating pinholes, the compression
approach may also be useful for developing preferred
crystallographic texture and increasing the grain size in the
resultant MAPbI3 ﬁlms. In an ‘indirect” demonstration, Zhu et
al.392 proposed a “face-down” annealing route for the
processing of MAPbI3 thin ﬁlms. Here, the freshly spin-coated
precursor ﬁlm is placed facing down on the hot plate. In this
case, it is suggested that compression of the precursor ﬁlm is
generated from the weight of the thick substrate during
annealing and that this conﬁguration also conﬁnes the solvent
removal, resulting in MAPbI3 ﬁlms with strong tet(110)
texture and micrometer-scale apparent grain size. Whether
compression or conﬁnement of the ﬁlm is the truly important
factor in this process, however, may require further exploration.
While the above examples have shown the potential promise of
introducing compression into perovskite processing, the
mechanisms underlying the eﬀect of compression on
formation/crystallization have not yet been widely explored,
and future detailed mechanistic studies are needed.

6. EFFECTS OF PRECURSOR COMPOSITION AND
ADDITIVES
While the preceding discussion has largely focused on ﬁlm
deposition of the prototypical perovskite MAPbI3, it is
worthwhile to consider in more detail possible eﬀects of
precursor compositional variation away from a simple 1:1
molar ratio of MAI to PbI2. Among several possible classes of
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size, carrier lifetime, and electron transfer to the TiO2 ETL,
contributing to an enhancement of PSC performance.
Jacobsson et al.171 observe that, contrary to the results of
Roldán-Carmona et al.,393 PbI2 does not improve the apparent
grain size of FAPbI3/MAPbBr3 prepared by solvent engineering.171 Han et al.394 have observed that an increase in carrier
lifetime results from inclusion of excess PbI2 in the precursor
solution of MAPbI3 devices prepared by solvent engineering
but is not associated with any changes in morphology.
Nevertheless, despite the discrepancy in morphological eﬀects,
these reports agree on the salutary eﬀect of excess PbI2 on PSC
performance, which may signify that the beneﬁts of grain
boundary/interface passivation outweigh the eﬀects on
morphology.
The morphological discrepancy may arise due to the
compositional diﬀerence among the ﬁlms investigated in
these reports, which most likely plays a signiﬁcant role in
crystallization. Ke et al.109 found that addition of a slight excess
of Pb(SCN)2 to the precursor solution used in a solvent
engineering process could generate, in addition to large
apparent grain size, an irregular honeycomb-like network of
PbI2 deposits around them (the eﬀects of SCN additives on
grain structure will be discussed further in section 6.2.3.2).
Collectively, the eﬀects of larger grains, improved crystallinity,
and passivation lead to a doubling of the PL lifetime as well as
increased PSC eﬃciency and reduced hysteresis.109 The
strategy of improving PSC performance by adding a slight
excess of the lead halide to the precursor solution appears to be
generally applicable to a number of perovskite compositions,
including mixed formamidinium-methylammonium lead iodide/bromide,89 and triple-25 or quadruple-cation absorbers.26
A recent study by Park et al.395 on the eﬀects of excess PbI2 in
(FAPbI3)0.85(MAPbBr3)0.15 indicates that although carrier
diﬀusion lengths are not improved by excess PbI2, as
determined by electron-beam induced current (EBIC)
mapping measurements, those samples are more resistant to
decay under repeated EBIC scans, possibly signifying that they
possess a lower defect concentration. A further beneﬁt of
excess PbI2 appears to be better ﬁlling of a mesoporous TiO2
substrate, which was attributed to a reduction in the average
colloid size in the precursor solution.395
Despite its potential to improve device performance,
inclusion of PbI2 may not be completely beneﬁcial. While
results by Liu et al.396 concur that PbI2 is beneﬁcial for initial
PSC performance, its presence can lead to photoinstability of
MAPbI3 under illumination, even in inert atmosphere.
Schoonman397 has demonstrated that lead halides can be
susceptible to decomposition under UV irradiation, and the
elemental iodine produced by such reaction is liable to cause
the perovskite to degrade. 398 However, Liu et al. 396
demonstrate that the performance of encapsulated PSCs of
similar initial eﬃciency (with and without added PbI2) exhibit
comparable degradation kinetics. PbI2 photoinstability in this
case may be less relevant because encapsulation can arrest
device degradation not only by resisting ingress of moisture
and oxygen but also by preventing decomposition products
from escaping the device. While it is clear that some trade-oﬀs
(associated with retarded carrier extraction, reduced absorption, and stability concerns) will emerge from the presence of
large amounts of excess PbI2, the beneﬁts of passivation are
compelling for modest addition levels.
6.1.2. AX-Rich Precursors. While excess PbI2 is typically
understood to be an eﬀective means of improving ﬁlm quality

such deviations, stoichiometry variations may be employed,
wherein an excess of one of the precursors is added in order to
manipulate ﬁlm formation. Alternatively, perovskite components may be alloyed or replaced altogether with ionic species
that can substitute into the perovskite, altering bulk properties
and generating entirely distinct perovskite families. Such
compositional modiﬁcations often require signiﬁcant changes
to the processing approaches relative to those used for MAPbI3
in order to attain high ﬁlm quality. Still further, other species
may be added that do not substitute into the perovskite
structure, but they may nevertheless aﬀect ﬁlm formation and
have a large impact on the microstructure and/or defect
population. The distinction between these latter classes,
alloying components versus additives, may in some cases be
ambiguous. In this section, we therefore classify the additive
types according to whether they could, when considering
charge-balance and approximate size requirements, substitute
on the A/A′, B, or X sites in the ABX3, A2BX4, A′2An‑1BnX3n+1,
or other related perovskite structures (e.g., alkalis or
monovalent cations, divalent metals, or halides/pseudohalides,
respectively), or not (e.g., bulky organic molecules, water, or
seed crystals such as quantum dots). It should also be
emphasized that, although there are many reports of the eﬀects
of a wide range of additives on ﬁlm morphology, these eﬀects
are often (though not always) presented without detailed
investigation of the fundamental mechanisms through which
the additive acts on ﬁlm formation. Thus, it should be borne in
mind that such descriptions may reﬂect the vagaries of how a
certain process in a certain laboratory is implemented and
aﬀected, as opposed to universal truths about the interactions
between the additive and perovskite system under study.
6.1. Eﬀects of Stoichiometry on Film Formation

The eﬀect of precursor stoichiometry can be an important
factor in determining how ABX3 and related perovskites
crystallize and what secondary phases might remain in the ﬁnal
ﬁlms. Often it is taken for granted that precursors should be
combined in the ﬁnal desired ﬁlm stoichiometry, yet alterations
to these ratios may be desirable to compensate for the loss of a
volatile component, control crystallization mechanisms by way
of spectator species, or to passivate interfaces or bulk defects
through judicious incorporation of secondary phases.
6.1.1. BX2-Rich Precursors. Although the presence of PbI2
as a secondary phase in the perovskite can imply detrimental
eﬀects, either directly, by acting as an insulating layer that
blocks carrier extraction at device interfaces, or indirectly, as
evidence of degradation of the absorber, small excesses may be
benign or even beneﬁcial if distributed properly throughout the
ﬁlm. In PSCs, for example, PbI2 should exist either along
vertical grain boundaries (perpendicular to the ﬁlm plane) or
be thin enough at horizontal grain boundaries or interfaces to
confer the beneﬁts of passivation without blocking carriers.
Chen et al.108 identiﬁed salutary eﬀects of a light PbI2 grain
cladding in MAPbI3 ﬁlms grown by the VASP process (section
4.2.3). The type I band alignment between PbI2 and MAPbI3
prevents carriers from accessing the grain boundaries, where
they might recombine nonradiatively. Also, the physical
separation and band bending induced by PbI2 at grain
boundaries can prevent interfacial recombination at the
junctions with the TiO2 ETL and Spiro-OMeTAD HTL.108
Roldán-Carmona et al.393 observed that excess PbI2 in the
precursor solution of “solvent-engineered” MAPbI3 (section
4.1.2) could improve perovskite crystallinity, apparent grain
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used as a buﬀer against the decomposition that might
otherwise be induced by the ﬁnal thermal anneal, allowing
the ﬁlm to be subject to more aggressive conditions and
enlarging the grains without transforming them to PbI2.
Judicious stoichiometry choice can thus confer the beneﬁts of
the MAX treatments discussed in section 5.1.4, without
requiring an additional deposition step. For example, Yang et
al.232 found that addition of a slight MAI excess (1.2:1
MAI:PbI2) to the precursor solution used in the antisolvent/
solvent extraction process (section 4.1.4), a 7:3 weight ratio of
NMP and GBL as the solvent, and diethyl ether as the
antisolvent, allows very large apparent grain size to develop
without compromising the structure through pinhole formation.
More dramatic eﬀects on morphology may be attained using
far larger excesses of MAI, particularly with regard to the onestep spin-coating process, which tends to yield poor coverage
and performance for perovskite ﬁlms and devices, as discussed
in section 4.1.1. While spin-coating from a stoichiometric
solution of MAI and PbI2 in DMF leads to a dendritic
morphology induced by the uncontrolled growth of needle-like
MAPbI3·DMF crystals, the use of a 3:1 MAI:PbI2 ratio instead
gives rise to a more uniform morphology, albeit with a
microstructure less compact or free of pinholes compared to
typical ﬁlms produced by solvent engineering or conventional
two-step processes.400,401 In terms of solution chemistry, this
behavior may be explained as a result of inhibition of
perovskite-solvent complex formation, since the excess MAI
can compete against the solvent to coordinate with PbI2 by
providing extra I− ions, which form coordination complexes of
varying stoichiometry depending on the availability of I−.402
Yan et al.162 have undertaken a comprehensive study of the
colloidal properties of DMF-based solutions produced using a
range of MAI:PbI2 stoichiometries, including both MAIdeﬁcient and MAI-rich compositions. By examining the
properties of both the precursor solutions and spin-cast
ﬁlms, they deduce that the stoichiometric or MAI-deﬁcient
solutions lead to the formation of rodlike colloids that are
dominated by the interaction of PbI2 with DMF. These
colloids are most likely composed of PbI2·DMF, and they
inherit their rodlike shape from the crystal structure that
incorporates a 1D lead halide network, as noted in section
3.1.2.1. The ﬁlm morphology obtained from these solutions
thus show the dendritic morphology previously discussed in
section 4.1.1 (Figure 41). At higher concentrations of MAI, the
coordination environment of Pb prefers structures that
accommodate higher I:Pb ratios, altering the edge-sharing
lead halide octahedral structure of the PbI2·DMF or MAPbI3·
DMF intermediates in favor of corner-sharing octahedral
networks of progressively smaller size. The size reduction of
the colloids under MAI-rich conditions is conﬁrmed by a
reduction in Tyndall scattering by the solution and
accompanied by more uniformly distributed and isotropic
grains in the ﬁnal ﬁlm (Figure 41).162 As discussed in section
3.1.2, it is possible that a large excess of MAI may also
contribute to a less crystalline organic-rich intermediate phase,
thereby leading to smooth morphology when precipitating
from the solution. This less-crystalline intermediate serves as
the matrix for ﬁnal perovskite grain nucleation, leading to more
even microstructure growth and more uniform coverage.
Although it can improve the microstructure relative to that
obtainable from stoichiometric precursors, excess organic
ammonium salt can also be time-consuming to remove,

through its passivation eﬀects, there may also be some
advantages to MAI-rich stoichiometries. As noted in the
previous section, Jacobsson et al.171 found that, although
excess PbI2 was a better strategy for PCE enhancement of
mixed FAPbI3/MAPbBr3 PSCs prepared by solvent engineering, 10 mol % excess organic salt (as FAI) yielded more
intense, spatially uniform, and longer-lived PL than that from
stoichiometric or PbI2-rich ﬁlms, with improved VOC of PSCs
made from these ﬁlms. Depth-resolved XPS (by varying the Xray energy/penetration depth to probe composition in a range
between ∼5−18 nm) and TEM measurements suggest that
thin ﬁlms prepared with excess PbI2 contain some inclusions of
unreacted PbI2 within the grains, while those prepared with
excess organic salt appear to be more uniform in their internal
structure. Jacobsson et al.171 have proposed that PbI2, being
considerably less soluble than the organic salt, nucleates ﬁrst
and is thereafter transformed by solid-state reaction with the
surrounding organic salt. Thus, the enhanced luminescence
may arise from a more complete transformation of the PbI2 to
perovskite in the presence of the extra organic ammonium
halide. This conclusion would imply that even one-step
methods may share a key characteristic of the two-step
methods (i.e., diﬀusion of the organic ammonium halide may
also be an important step aﬀecting the crystallization kinetics).
However, while Park et al.395 have also observed PbI2 within
grains in FAPbI3/MAPbBr3 ﬁlms prepared by solvent
engineering via HRTEM measurements, in situ grazing
incidence wide-angle X-ray scattering (WAXS) measurements
indicate that PbI2 appears only after prolonged annealing
(rather than within the initial ﬁlms), suggesting a precursorsolvent intermediate crystallization mechanism akin to that
witnessed in formation of MAPbI3 ﬁlms. Further study is
warranted to more fully explore this process, which is likely to
be complicated by the large number of species that can
participate in crystallization. It is also important to note that
enhancement of the luminescence in the organic-rich ﬁlms also
comes at a cost. In PSCs made from the organic-rich thin ﬁlms,
the resulting gains in VOC are oﬀset by losses in JSC, likely due
to a coating of organic salt around the perovskite grains (as
inferred from XPS depth proﬁles showing enrichment in the
I:Pb elemental ratio near the ﬁlm surface) that prevents carrier
extraction and transport.171
Using a smaller excess of MAI than that explored by
Jacobsson et al.171 can provide beneﬁts without the drawbacks
noted above. Son et al.399 argue that intergranular MAI can be
beneﬁcial in MAPbI3 prepared by solvent engineering when 6
mol % excess is added to the precursor solution, having a
passivating eﬀect analogous to that of PbI2. Cross-sectional
TEM images combined with electron diﬀraction measurements
suggest the formation of a light coating of MAI around the
perovskite grains at 6 and 10 mol % excess MAI. However, it
was also found that, while 6 mol % excess increases the PL
lifetime, 10 mol % excess substantially reduces it relative to the
stoichiometric ﬁlm.399 This feature indicates that the MAPbI3
ﬁlm properties are apparently very sensitive to the excess MAI
and associated processing, independent of potential problems
posed by carrier blocking by overly thick layers of MAI at grain
boundaries. Excess MAI may contribute to iodine interstitial
defects, which can be potent hole traps.92 However, the
presence of extra MAI can be easily remedied by increasing
annealing temperature or time to sublime the excess, and such
detrimental eﬀects can be avoided by a proper tuning of these
parameters for a given stoichiometry. In fact, the excess can be
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XRD patterns of the as-deposited ﬁlms but do not oﬀer a
precise composition of this phase. Cao et al.404 propose that a
reduced-dimensionality (MA)4PbI6 phase can be generated
under MAI-rich conditions, which has an XRD pattern closely
resembling that of the “iodoplumbate precursor” identiﬁed by
Manser et al.401 This latter phase is assigned based on
observations by Wakamiya et al.,185 but importantly, they
identify this phase as a hydrate, (MA)4PbI6·2H2O, rather than
the pure (MA)4PbI6. These ﬁndings agree with a considerably
older report identifying the crystal structure as being composed
of isolated PbI6 octahedra with interspersed MA+ cations and
H2O molecules.405 Crucially, this report also indicates that the
hydrate can be decomposed to a mixture of MAPbI3 and MAI
by application of either heat or vacuum.405 The presence of
water molecules may, therefore, play an important role in
stabilizing the structure through a scheme in which overall
connectivity is mediated by hydrogen bonds linking the MA+
cations to the H2O molecules.
The implications of this behavior have signiﬁcant bearing on
understanding MAI-rich ﬁlm formation, as it implies that no
crystalline MAI-rich perovskite-related species may be
favorable in the solid phase, at least in the absence of a
mediating species such as H2O. The “iodoplumbate precursor”
may, therefore, be a “red herring” that spontaneously emerges
when these ﬁlms are introduced to moisture, as by exposure to
humid air during X-ray or optical measurements. However, this
ﬁnding also implies that the atmosphere under which these
ﬁlms are produced may play a crucial role in determining
precursor nucleation and growth. Presumably, MAI-rich ﬁlm
deposition in a humid atmosphere would involve the growth of
the hydrate phase as an intermediate, while deposition in an
inert atmosphere would proceed via some other mechanism.
To our knowledge, there are no currently available reports that
explore this possibility and the potential eﬀects on ﬁlm
formation. Nevertheless, spectroscopic measurements in the
manner of the work of Manser et al.401 may prove important in

Figure 41. Top-surface SEM images showing the morphology of the
MAPbI3 thin ﬁlms obtained by spin-coating these solutions and
annealing at 100 °C. Under PbI2-rich conditions, rodlike colloids in
the solution lead to dendritic microstructure, while MAI-rich
conditions interfere with Pb-solvent interactions, leading to the
formation of more isotropic colloids and conformal grain coverage.
Adapted from ref 162. Copyright 2015 American Chemical Society.

requiring a relatively long and higher-temperature anneal to
drive it out of the ﬁlm9,175 and signiﬁcantly increasing the
activation energy required for perovskite crystallization.400
While this overall behavior of such MAI-rich ﬁlms has been
consistently observed, some confusion seems to exist over
whether the transformation into perovskite is mediated by
intermediate phases other than solvent-based complexes under
MAI-rich conditions. On the basis of similarities of absorption
features in spectroscopic observations of the as-deposited
MAI-rich ﬁlms to those previously attributed to diﬀerent
coordination complexes of lead and iodine (PbI2+nn‑) in
solution,403 Manser et al.401 speculate that these features
belong to an “iodoplumbate precursor” phase witnessed in the

Figure 42. Processing windows for a 3:1 ratio of MAI:PbSp2 precursors used in one-step spin-coating (Sp = I, Cl, OAc, NO3). The iodide and
chloride precursors leave little time for nucleation and growth of the perovskite microstructure before decomposition, while the acetate provides a
much longer time window for nucleation and growth, leading to a desirable morphology. The nitrate is lost so rapidly that a continuous
morphology cannot be obtained under the reaction conditions examined. Reproduced from ref 175. Copyright 2015 American Chemical Society.
3246

DOI: 10.1021/acs.chemrev.8b00318
Chem. Rev. 2019, 119, 3193−3295

Chemical Reviews

Review

extracting further understanding of ﬁlm growth under MAIrich conditions. Such studies must be accompanied by strict
control over both fabrication and measurement environments
in order to prevent misunderstanding of the true nature of this
process.
6.1.3. Halide/Non-Halide “Spectator” Precursors. The
presence of excess MAI in the precursor solution provides an
additional opportunity for control over the ﬁlm growth process
(i.e., since the precursor is iodide-rich), in that the lead iodide
may be replaced with a lead salt of arbitrary anionic
composition. Doing so can be useful whether one wishes to
incorporate the secondary anion or not, since its presence can
signiﬁcantly modulate the behavior of the deposition process.
Often, the secondary ion will not persist in the ﬁnal ﬁlm but act
as a “spectator” (Sp−) in an overall reaction of the form175
3MAI + PbSp2 → MAPbI3 + 2MASp

evolution of the tet(110) peak in the WAXS pattern to the
JMAK equation (eqs 14 or 15) at diﬀerent stages of annealing,
the perovskite crystallization activation energy may be
determined and is found to depend on the identity of each
precursor. (However, we repeat that the empirical JMAK
model may be misleading, and any associated analysis should
be evaluated while keeping its limitations in mind.) This
parameter may be extracted by assuming the constant K3 to
have an Arrhenius temperature dependence. The activation
energy is largely aﬀected by the speed of spectator diﬀusion
and also to some degree on spectator sublimation if this
process is relatively slow and retards the former process. In the
case of MAI, the solvent evaporates completely before excess
MAI begins to diﬀuse out of the solid precursor, restricting the
time available for perovskite grain formation. Furthermore, the
MAI spectator diﬀusion (i.e., out of the precursor phase) is
followed almost immediately by MAI diﬀusion processes (i.e.,
out of the perovskite phase), leaving almost no time available
for coarsening. The chloride more readily sublimes from the
ﬁlm, reducing the crystallization activation energy and allowing
for a wider but still relatively narrow grain-coarsening window.
The narrow processing windows available in the chloride and
particularly the iodide systems may contribute to a greater
sensitivity to the fabrication timing and overall environmental
conditions. By contrast, the acetate sublimes almost concurrently with solvent evaporation and diﬀusion from the
precursor, reducing the perovskite crystallization activation
energy even further and allowing for long processing windows
for both perovskite grain formation and coarsening, without
risk of decomposition. The nitrate induces the lowest
activation energy of the four examined, but crystallization
proceeds so rapidly that a discontinuous morphology
results.175,406 The acetate precursor [in 3:1 molar ratio of
MAI:Pb(OAc)2] has enjoyed signiﬁcant success, yielding ﬁlms
of more uniform microstructure when compared to those using
an equivalent stoichiometry with PbI2 or PbCl2. This use of the
lead acetate precursor is also broadly applicable to
compositions beyond MAPbI3, including those incorporating
Br or FA.407−410 Overall, the spectator precursor route appears
to be a useful method of attaining reproducibly uniform
perovskite ﬁlms in a single step, without the capriciousness of
timing and atmosphere eﬀects to which solvent engineering
can be vulnerable (so long as suitable precursors are chosen).
Of the above precursors, the chloride most frequently
appears in the recent literature. Mixed iodide-chloride
absorbers were introduced early in the development of
PSCs,144,193,411 boosted especially by reports that Cl addition
could increase the minority carrier diﬀusion length relative to
that of the pure iodide by an order of magnitude.13,412
However, the question remains of whether this improvement
in perovskite quality originates directly from incorporation of
Cl into the lattice and concomitant trap passivation, or
indirectly, through the inﬂuence of Cl on crystallite growth.
Given the small size of the Cl− ion relative to I−, Cl has not
been found to incorporate to a large enough degree to alter the
unit cell of MAPbI3;413 however, remnant traces of Cl can
often be found in the thin ﬁlm. Early misconceptions about the
degree to which Cl could incorporate into the MAPb(I1−xClx)3
ﬁlms were refuted by subsequent compositional studies
showing that this fraction is quite small ([Cl]/[I] <
2%).175,414−416
There is no clear consensus on the location of the residual
Cl, with elemental mapping studies yielding contradictory

(29)

As MASp is generally the most volatile component of the
system, it will be driven oﬀ during the postannealing that
accompanies most perovskite deposition techniques, yielding
the perovskite ﬁlm (or, given enough heat and time, PbI2).175
Moore et al.175 compared (in the context of reaction 29) the
use of four diﬀerent lead salts: lead iodide, chloride, acetate,
and nitrate. In each case, the as-deposited ﬁlms showed
mutually distinct WAXS patterns, indicating that each
spectator ion promotes the formation of unique crystalline
phases (which are also independent of the solvent used in the
deposition). The choice of the spectator ion can have a large
impact on the four diﬀerent identiﬁed stages of ﬁlm growth
(Figure 42): solvent evaporation (labeled “Evap. Solvent” in
Figure 42), which ends when the solvent is completely
removed from the ﬁlm; spectator diﬀusion [“Diﬀuse (MA)Sp”], during which the spectator salt MASp diﬀuses out of the
precursor structure, leaving behind the perovskite; spectator
sublimation [“Sublime (MA)Sp”], during which the spectator
salt that has diﬀused out of the structure evaporates from the
ﬁlm entirely; and MAI diﬀusion [“Diﬀuse (MA)I”], wherein
MAI diﬀuses out of the perovskite structure, decomposing the
ﬁlm. Note that MAI sublimation is not considered to be an
important part of this process, as decomposition has already
occurred once MAI begins to diﬀuse out of the perovskite
grains. The beginning and end of these processes can be
inferred by the appearance and disappearance of peaks in the
WAXS patterns (except for solvent evaporation, which is
determined by thermogravimetric analysis). Note that grain
“growth,” as indicated in Figure 42, is conceptually diﬀerent
from the conventional use of the term as introduced in section
3.1.1.2. In this case, it begins with spectator diﬀusion and ends
with whichever of spectator diﬀusion or solvent evaporation
ends ﬁrst, and it is identiﬁable with the time available for the
nucleation of new perovskite grains from the precursor phase
(although growth in the conventional sense of the already
formed perovskite grains may occur during this time window
as well). Grain “coarsening” is identiﬁed with the growth (in
size) of already formed perovskite grains, and it is identiﬁed
with the time range between the end of spectator diﬀusion and
the beginning of MAI diﬀusion (i.e., the onset of
decomposition).
Much useful information can be determined from careful
inspection of the kinetics of these processes for diﬀerent
choices of the spectator ion, and by comparing the time
windows available for each of the processes described above
(as shown schematically in Figure 42). By ﬁtting the time
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is completely diﬀerent from that of the pure iodide, featuring
relatively compact morphology with a few pinholes for ﬁlms
subjected to gentle heat treatment, which evolve into large,
disconnected islands as annealing time or temperature
increases.419
Similarly, Saliba et al.420 have observed that slower, gentler
anneals produce better surface coverage than more rapid,
higher-temperature ones for ﬁlms fabricated on both
mesoporous and block copolymer-templated alumina scaﬀolds
as well as planar Si substrates. Barrows et al.421 have observed,
contrarily, that annealing times well over an hour are necessary
to eliminate discontinuities in the ﬁlm, despite using a similar
single-step spin-coating process.419 However, a number of
diﬀerences in the work of Barrows et al.421 may be relevant: the
process is conducted in air at ∼40−45% relative humidity, the
substrates and solution are preheated to 90 °C prior to spincoating (i.e., nominally hot-casting, as discussed in section
4.1.1), and the substrate is ITO/PEDOT:PSS. Of these
explanations, the ﬁrst two are unlikely; studies by Eperon et
al.422 and Gao et al.423 concur that increasing relative humidity
worsens surface coverage rather than improving it, while “hotcasting” tends to produce more uniform ﬁlms without the need
for a long postanneal.258 It is, however, possible that
substrate−ﬁlm interactions may play a signiﬁcant role in
determining the evolution of the morphology and that the
presence of moisture might facilitate either the development of
pinholes/islands/poor surface coverage or more uniform ﬁlms
by accelerating ﬁlm transformation kinetics toward the more
thermodynamically stable morphology for a given chemistry of
the perovskite/substrate interface. You et al.424 have obtained
similar morphology from similarly prepared ﬁlms on ITO/
PEDOT:PSS substrates and propose that annealing under
moderate humidity can lead to a beneﬁcial “solvent annealing”
eﬀect, as discussed further in section 6.3.1. The diversity of
morphologies obtained for this nominally simple deposition
technique underscore the complexity of the inﬂuence of Cl on
perovskite ﬁlm formation.
An especially subtle complication encountered when working with Cl precursor-derived perovskites is that the choice of
Cl-containing precursor(s) used to prepare the solution can
play an important role in the ﬁlm formation, even though
nominally identical concentrations of the precursor ions may
be present in solution. Williams et al.425 have demonstrated
that ﬁlms spin-cast from DMF solutions containing 3:1 molar
ratios of MAI:PbCl2 crystallize diﬀerently from those with a
1:2:1 ratio of MAI:MACl:PbI2, as seen in SEM images of the
ﬁnal ﬁlms (Figure 43, panels B and C), although in both cases
the ﬁlm coverage is far superior to that of the 1:1 MAI:PbI2
precursor (Figure 43A). Additionally, the morphology of the
ﬁlms cast from the 3:1 MAI:PbCl2 molar ratio precursor is not
spatially uniform (Figure 43D), containing domains reminiscent of those from the 1:2:1 MAI:MACl:PbI2 precursor, as well
as those shown in Figure 43B. Williams et al.425 propose that
this behavior may indicate greater spatial nonuniformity in the
solution itself, brought on by greater diﬃculty in completely
breaking down PbCl2 as opposed to MACl. While thermodynamics may drive the species present in solution toward the
same composition in terms of ions and colloids, the kinetics of
this transformation appear to be signiﬁcantly altered, with
solutions prepared using PbCl2 favoring a less homogeneous
distribution of less isotropic colloids than those using MACl
(Figure 43D), providing a possible explanation for the overall
morphology diﬀerence. The use of the PbCl2 precursor may

results that indicate retained Cl amounts and distributions are
highly dependent on ﬁlm processing. X-ray absorption near
edge structure measurements on MAPbI3−xClx prepared by
one-step spin-coating from a 3:1 solution of MAI:PbCl2 in
DMF indicate that the local coordination environment of Cl in
perovskite ﬁlms resembles MAPbCl3 more closely than either
PbCl2 or MACl, although the authors emphasized that this
observation alone is not conclusive evidence of a preference of
direct Cl for I substitution in the bulk.416 A nano-X-ray
ﬂuorescence (nano-XRF) study on MAPbI3 indicates that the
distribution is heterogeneous, not only from grain to grain but
even within the grains themselves.415 In this study, the twostep dipping process (wherein PbI2 ﬁlms are dipped in a 2:1
solution of MACl:MAI in isopropanol) leads to more Cl in the
ﬁnal ﬁlm than one-step spin-coating processes using either
MACl or PbCl2 as the Cl donor, both of which lead to roughly
the same chlorine content. Heterogeneity of the Cl distribution
was observed, however, regardless of the processing method.415
A TOF-SIMS mapping study on MAPbI3−xClx ﬁlms prepared
by VASP (in which spin-cast mixed-halide PbICl ﬁlms were
subjected to MAI vapor) indicates instead that the Cl
congregates at grain boundaries.174 energy-dispersive X-ray
spectroscopy (EDS) mapping of MAPbI3−xClx prepared by
one-step spin-coating from a 3:1 solution of MAI:PbCl2 in
DMF onto a mesoporous Al2O3 scaﬀold indicates slight traces
of Cl within the scaﬀold, while none appears to be present in
the overlying capping layer,413 consistent with the expectation
that impurities are more likely to reside at grain boundaries
and interfaces than within the bulk.
Although Cl does not incorporate substantially within the
perovskite thin ﬁlms, it does produce several notable eﬀects on
ﬁlm growth, including a preferred orientation of the perovskite
grains along the tet(110) plane, particularly when grown on
the electron transport material TiO2.134,413,414,417 DFT
calculations predict that the MAPbI3−TiO2 bond in particular
is strengthened by interfacial Cl, and that the tet(110) plane is
particularly favorable at this interface.133 Observations of the
abnormal growth of apparently very large tet(110)-oriented
MAPbI3 grains on TiO2 with Cl addition, compared to the
small-grain, randomly oriented pristine (no Cl added) ﬁlms,
further support this conclusion.134 Wang et al.417 have even
proposed that incorporation of Cl can stabilize the cubic phase
of MAPbI3 on mesoporous TiO2 substrates, based on the
assignment of the two dominant peaks in the X-ray diﬀraction
patterns of these ﬁlms to the (100) and (200) planes of the
cubic phase. However, these reﬂections could just as easily be
assigned to tet(110) and tet(220) planes of the tetragonal
phase, consistent with other reports,134,413,414 and there do not
appear to be any other reports corroborating this ﬁnding. It has
also been reported that Cl can stabilize the perovskite phase of
CsPbI3,418 perhaps through the formation of a protective layer
of interfacial CsPbCl3.
The presence of Cl can also dramatically impact ﬁlm
morphology, with a wide variety of microstructures obtained
even for similar processes. An early report by Eperon et al.419
indicates that the coverage of MAPbI3−xClx ﬁlms prepared by
single-step spin-coating from a 3:1 solution of MAI:PbCl2 in
DMF is highly dependent on such variables as perovskite ﬁlm
thickness, annealing time and temperature, and thickness of the
compact TiO2 and/or mesoporous Al2O3 substrate. As in the
case of single-step spin-coating from 1:1 MAI:PbI2, conformal
coverage is diﬃcult to achieve, but the morphology of
perovskites deposited from the chloride-containing precursor
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MAPbI3 structure as MACl diﬀuses and evolves from the
structure under annealing. However, XRD studies by Unger et
al.182 and Nenon et al.426 have indicated that, while peaks are
observed at positions close to those expected for MAPbCl3,
there is a lack of conclusive evidence for identiﬁcation of the
intermediate as MAPbCl3 or chloride-rich MAPbI3−xClx, or
some other related phase. It is not, however, inconceivable that
a small amount of MAPbCl3 may remain in the ﬁlm if some Cl
becomes trapped, causing the perovskite to phase segregate
into Cl-lean MAPbI3−xClx and MAPbCl3, but it is unlikely to
play a dominant role in initial ﬁlm evolution.
Alternate proposed explanations involve the inﬂuence of
persistent solvent within the ﬁlm, which can strongly inﬂuence
crystallization in the pure iodide ﬁlms, as discussed in sections
3.1.2.1 and 4.1. Moore et al.175 and Munir et al.252 suggest that
spin-casting from MAI-rich, Cl-containing mixtures leads to
some residual solvent in the ﬁlm in the early stages of
deposition, but that this solvent is not likely to participate
within the intermediate structure. In a temperature-dependent
XRD study, Nenon et al.426 have identiﬁed MAPbI3·DMF as
the initial phase that forms when 3:1 MAI:PbCl2 and 1:1:1
MAI:MACl:PbCl2 solutions are drop-cast. They determined
that it quickly converts to a diﬀerent crystalline intermediate
(or intermediates) and thereafter to pure MAPbI3 at higher
temperatures, in agreement with the reports above. Some care
must be taken, however, in comparing results obtained from
studies on drop-cast ﬁlms against those from spin-casting, as
solvent evaporation and ﬁlm formation dynamics are likely to
be quite diﬀerent.
Although most studies do not attempt to provide a chemical
formula of the Cl-containing intermediate, a recent study by
Chia et al.428 proposes that it is a 2D ⟨110⟩-oriented perovskite
derivative with composition (MA)2PbI2Cl2·MAI, in which the
lead halide octahedra form corner-sharing zigzag sheets,
analogous to those described by Dohner et al.429 for the
structure of (ethylenedioxy)bis(ethylammonium) lead halides
(EDBEPbX4). This structure diﬀers slightly from more
conventional perovskites in that a layer of MAI is presumed
to lie in the gap between each pair of adjacent lead halide
sheets. In the proposed structure, bonding within the sheets is
mediated entirely by Pb−I bonds, while the Cl atoms reside at
terminal vertices of the lead halide octahedra. Chia et al.428
thus propose that the ﬁnal perovskite structure can be
straightforwardly obtained from (MA)2PbI2Cl2·MAI via a
process in which the terminal Cl atoms combine with the
excess MA+ cations and exit the ﬁlm, while the I atoms
intercalated between the layers replace the missing Cl atoms.
Since one I atom must replace one Cl in the lead halide
octahedra in each adjacent layer (for a total of two missing Cl
atoms per I atom), neighboring octahedra are forced to share
the I atoms, thus binding the perovskite structure together and
forming the 3D corner-sharing network. A virtue of this
explanation is that the 2D nature of its structure can easily
explain the highly oriented nature of the ﬁnal perovskite ﬁlms,
since the intermediate is likely to deposit with its layers
preferentially parallel to the plane of the substrate. Topotactic
transformation of (0k0)-oriented (MA)2PbI2Cl2·MAI is, for
example, predicted to form tet(100)-oriented MAPbI3−xClx
[by way of the (110)-oriented cubic phase].428 Alternatively,
the (021) orientation of (MA)2PbI2Cl2·MAI can produce
tet(110)-oriented MAPbI3−xClx by way of the (100)-oriented
cubic phase. Prominent peaks in the XRD and grazingincidence X-ray scattering (GIXS) patterns of a partially

Figure 43. Schematic illustrations and top-surface SEM images of
diﬀerent modes of growth in MAPbI3 ﬁlms prepared by one-step spincoating from DMF solutions for stoichiometric: (A) MAI:PbI2, (B)
3:1 MAI:PbCl2, and (C) 1:2:1 MAI:MACl:PbI2. Scale bars are 2 μm
in A−C. While both of the latter precursors promote improved
coverage of the substrate, they lead to distinct morphologies,
indicative of associated distinct colloidal species in the precursor
solutions. Notably, the 3:1 MAI:PbCl2 precursor leads to regions of
distinct morphology at diﬀerent points on the substrate (D), reﬂecting
the diversity of colloid populations present in the solution. Scale bars
are 5 μm in (D). Adapted from ref 425. Copyright 2014 American
Chemical Society.

also lead to domains of greater structural coherence (though
not necessarily grain size), possibly accounting for the
enhanced diﬀusion length in the chloride-based perovskites.425
The sensitivity of the ﬁlm structure to solution preparation
may thus account for the great diversity of morphologies
observed in diﬀerent reports, as the ﬁner details of solution
preparation and aging are generally not discussed.
Despite the wide variation in microstructures produced by
single-step spin-coating from a Cl-containing precursor
solution, reports tend to agree on the importance of a
crystalline intermediate (or intermediates) that can reside
within the ﬁlm for as long as over an hour at moderate
annealing temperatures (∼100 °C) based on consistently
observed features in X-ray diﬀraction/scattering patterns,
although few have made an attempt to identify the exact
chemical nature of this phase or phases.175,182,421,426−428
Williams et al.425 have speculated that the perovskite crystal
growth can be mediated by the rapid formation of a MAPbCl3
intermediate phase, which is topotactically transformed to the
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transformed ﬁlm can be assigned to (021) or (0k0) reﬂections
of (MA)2PbI2Cl2·MAI, suggesting they may play a signiﬁcant
role in the evolution of the ﬁlm. Despite the explanation of
Chia et al.428 regarding the nature and function of the
intermediate, there are still some open questions. The
proposed crystal structure of (MA)2PbI2Cl2·MAI was obtained
not by single-crystal XRD but by ﬁtting of the predicted GIXS
pattern of a simulated crystal structure based on that of
EDBEPbX4. The nature of the intermediate therefore awaits
conﬁrmation by more rigorous methods. Furthermore, there
are some peaks in the GIXS pattern of the intermediate ﬁlm
that cannot be accounted for by the simulated GIXS pattern,
which may either indicate a deﬁciency in the proposed
structure or that (MA)2 PbI2Cl2·MAI is not the only
intermediate phase of relevance for the growth of MAPbI3−xClx.
A recent report by Stone et al.430 proposes, based on
grazing-incidence XRD, that the Cl-containing intermediate is
based on 1D lead halide chains instead of 2D lead halide sheets
and has a composition of (MA)2PbI3Cl with excess MACl in
the precursor ﬁlm accounted for by amorphous MACl (most
likely at surfaces or grain boundaries), rather than
(MA)2PbI2Cl2·MAI, as proposed by Chia et al.428 The
diﬀerence in proposed structures may reﬂect the fact that the
grazing incidence XRD data of Stone et al.430 appear to be
somewhat diﬀerent than the GIXS data of Chia et al.428
(although direct comparison is further complicated by
diﬀerences in the reported range of the scattering vector
magnitude q), which is somewhat surprising since the ﬁlms
studied in both reports were prepared by similar methods
using the same precursor/solvent combinations. Stone et al.430
further suggest that extended X-ray absorption ﬁne structure
measurements can be best ﬁt to a model of the lead halide
octahedra in which I atoms reside in equatorial sites and Cl
atoms (along with occasional I atoms) reside in apical sites,
leading to an approximate agreement of the Pb:I:Cl
stoichiometry with the proposed chemical formula (i.e.,
1:3:1), although they acknowledge the assignment is not
conclusive. This proposed description of the precursor ﬁlm has
an additional virtue when considering the kinetics of the
transformation from precursor to perovskite. Comparison of in
situ XRD with in situ XRF measurements of the ﬁlm during
annealing indicates that crystallization of the perovskite begins
only once half the Cl has left the ﬁlm.430 Stone et al.430
therefore suggest that evaporation of MACl is the ratedetermining step in the transformation and that the precursor
phase only begins to break down once the disordered MACl
phase has been completely removed from the ﬁlm.
Overall, while signiﬁcant strides have been made in
understanding ﬁlm growth for single-step solution deposition
of perovskites from Cl-containing precursors, much work
remains to be done to determine the nature of this highly
complex process. The reports of both Chia et al.428 and Stone
et al.430 are important steps toward this goal but reach
divergent conclusions regarding the nature of the precursor
phase. Given the known complexity of these systems, it may
well be that both reports are correct and that the diﬀerent
crystal structures proposed may be obtained depending on the
subtleties of ﬁlm preparation. In view of this discrepancy,
growth and characterization of single crystals of one or both of
the proposed phases would be extremely useful in improving
the perovskite community’s understanding of ﬁlm deposition
using Cl-based precursors.

While somewhat less commonly used in two-step processes,
Cl can also be useful in templating the lead halide precursor
phase in these techniques. Fan et al.431 found that the use of
diﬀerent blends of PbI2 and PbCl2 in the ﬁrst stage of the twostep spin-coating precursor leads to very diﬀerent morphologies of both precursor and perovskite ﬁlms based on the blend
ratio. The variation in morphology is attributed to the
formation of the mixed halide PbICl, for which the grains
adopt a more needlelike habit than either the pure iodide or
chloride. The blended halide morphology is more porous than
either of the pure halides, allowing the perovskite grains to
grow more freely and without strain (as noted in section 4.2.1).
Excessive porosity can, however, lead to large-scale discontinuity and roughness of the ﬁlms, and it was found that an
equimolar blend of PbI2 and PbCl2 yields optimal JSC, VOC, and
FF of the associated PSCs.431 Yang et al.174 have noted that
using a spin-cast PbICl ﬁlm as the precursor in the VASP
process (section 4.2.3) can lead to enhanced apparent grain
size compared to a pure PbI2 ﬁlm. Temperature-dependent
XRD analysis of ﬁlm transformation indicates a relatively
straightforward pathway by which the PbICl is ﬁrst converted
into PbI2 and thereafter to MAPbI3−xClx. The enhanced grain
size may reﬂect the fact that the presence of Cl in the precursor
delays formation of the perovskite phase considerably [the
tet(110) XRD peak is evident within minutes for the pure
iodide but does not build up appreciable intensity for over an
hour for the PbICl precursor],174 which may aﬀord more time
for grain coarsening. Alternatively, it may help grain growth by
increasing grain boundary mobility, given its preferential
location at the grain boundaries as seen in TOF-SIMS.174
There is no evidence of any intermediate phases aﬀecting
perovskite growth in this study.
While perovskite ﬁlms prepared by single-step spin-coating
from Cl-based precursors were extensively reported in the early
years of research on PSCs, they have become somewhat less
common recently, perhaps because of the complexity and
diﬃculty of understanding the process relative to more
technically laborious but controllable techniques such as twostep deposition or solvent engineering, as well as emphasis on
FA- or triple-cation based absorbers over pure MA. The long
annealing times required to transform the precursors and/or
intermediates to phase-pure perovskite also represent a
signiﬁcant disadvantage. Nevertheless, Cl-containing additives
are still often employed in a less dominant role. For example,
Yang et al.277 have used an MACl additive to improve ﬁlm
uniformity and apparent grain size while reducing annealing
time (relative to excess MAI) in high-performance doctorbladed MAPbI3 PSCs, as noted in section 4.3.1. The recent
published eﬃciency record for PSCs derives from absorbers
prepared by solvent engineering and of nominal composition
(FAPbI3 )0.95 (MAPbBr3 ) 0.05 , but containing equal parts
MAPbBr3 and MACl by weight in the precursor solution.265
However, no reason is given for the inclusion of MACl in this
process beyond a brief admonition that device performance
suﬀers without it, and a reference to previous work116 that
contains no mention of MACl. It may simply be that a primary
beneﬁt of Cl is indeed to passivate defects as a lowconcentration impurity and increase the intrinsic carrier
diﬀusion length of the perovskite, as suggested in early
work;13,412 however, it appears that there is still much work to
be done to elucidate eﬀects of Cl additions on perovskite ﬁlm
growth and properties.
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relatively good operational stability.338,442 Jeon et al.116
observed that the perovskite phase could be stabilized by
incorporating MA and Br as partial substituents (15 mol %
replacement for FA and I, respectively) in FAPbI3 using the
solvent engineering process (section 4.1.2). In addition to
phase stability, the presence of MAPbBr3 also appears to
improve ﬁlm morphology. Films with lower MAPbBr3 content
are more discontinuous, but the optimal 15 mol %
concentration yields the desired compact grain structure.116
Other alloying components may be employed to improve
the quality of FA-based ﬁlms and associated devices. Lee et
al.115 found that partial substitution of Cs for FA (10 mol %)
in FAPbI3 prepared by solvent engineering not only improves
ﬁlm morphology, leading to grains that appear to be larger and
more clearly deﬁned, but also produces more favorable
recombination kinetics (as measured by transient photovoltage
decay). However, excessive amounts of Cs (15 mol % and
above) lead to phase segregation of the nonperovskite CsPbI3
phase, illustrating a limited compositional range for the
FA1−xCsxPbI3 solid solution. Similar results were obtained by
Yu et al.,443 who found that 20 mol % incorporation of Cs
could improve PSC operational stability and increase minority
carrier lifetime in the ﬁlm by an order of magnitude, as probed
with TRPL. Furthermore, the annealing temperature required
to achieve the black α-FAPbI3 phase could be reduced from
150 to 100 °C when the precursor Cs concentration exceeds
10 mol %. Contrary to the results of Lee et al.,115 the authors
observed that the apparent grain size of the mixed-cation
absorber decreases relative to the pure FAPbI3 perovskite when
prepared using solvent engineering, but that this eﬀect could
be mitigated by the addition of a small amount of Pb(SCN)2 to
the precursor solutions (eﬀects of SCN incorporation will be
further discussed in section 6.2.3.2).443 Partial substitution of
Br for I in the above system leads to more persistent problems
with achieving suﬃciently large apparent grain size, but these
issues can be mitigated with a combination of adding
Pb(SCN)2 and annealing the ﬁlms in DMF vapor (using the
procedure described in section 5.1.2).444
Two factors may contribute to the enhanced thermodynamic stability and ease of formation of the mixed-cation/
anion perovskites and associated ﬁlms based on these
materials. On one hand, the size of the FA+ cation results in
an unfavorable Goldschmidt tolerance factor67 for the FAPbI3
perovskite. Therefore, replacement of FA+ by smaller cations
such as Cs+ or MA+ can help to reduce the average size of the
“A” cation, yielding a more favorable tolerance factor.445 On
the other hand, it has been proposed that the entropy of
mixing aﬀorded by cation blending can help stabilize the
FA1−xCsxPbI3 perovskite phase relative to a two-phase mixture
of the nonperovskites δ-FAPbI3 and δ-CsPbI3, which have
dissimilar structures and are, therefore, unlikely to form solid
solutions.446,447 The latter eﬀect may be especially potent if
cations on both “A” and “B” sites are mixed; for example,
Eperon et al. 276 report that both FAPb 0.5 Sn 0.5 I3 and
FA0.75Cs0.25Pb0.5Sn0.5I3 ﬁlms/PSCs prepared by the antisolvent/solvent extraction process are more stable in humid
conditions than FAPbI3 ﬁlms/PSCs (especially surprising
given the well-known tendency of divalent Sn to oxidize in
air). The robustness of these compounds cannot be
convincingly ascribed to a more favorable tolerance factor, as
the ionic radii of divalent Sn and Pb diﬀer only slightly.448
Zong et al.449 further note that, while that the compositional
range of FA1−xCsxPbI3 is constrained to relatively low Cs

6.2. Substitutional Modiﬁcations in 3D Perovskites

While the prototypical perovskite MAPbI3 has a band gap
appropriate for PV energy conversion (∼1.55 eV) as well as
otherwise excellent physical properties, its intrinsic drawbacks
mainly pertain to stability and toxicity, which pose signiﬁcant
challenges (also, its band gap is not suitable for either the top
or bottom cell in a tandem device). Stability is a particularly
important and perhaps intrinsic problem. DFT calculations
predict for MAPbI3 a negative formation energy432,433 or
enthalpy,434 albeit a very low one, but some experimental
results suggest that the formation enthalpy is actually
positive.102 Other experimental results indicate that the
Gibbs free energy of MAPbI 3 formation still favors
spontaneous formation of the perovskite, although with a
weak driving force.103,104 It is generally agreed that, even
though reaction thermodynamics force MAPbI3 to form over
its precursors, this force is slight and the decomposition is
diﬃcult to avoid. This problem may be addressed by removing,
at least partially, the MA cation in favor of inorganic cations
(such as Cs+) or those organic cations that have a greater
aﬃnity for the perovskite lattice and are therefore less easily
removed (such as FA+). Toxicity of the perovskite may be
somewhat reduced by substituting Sn for Pb. An additional
feature of this exchange is that the band gap may be lowered
farther into the infrared relative to MAPbI3,101,435 enabling the
construction of bottom cells in an all-perovskite tandem solar
cell architecture436 or improved capability for emitting or
detecting infrared radiation. Alternatively, the band gap of
halide perovskites may be tuned to span the entire visible range
by varying the halide composition,5−7 a trait useful for other
optoelectronic applications such as LEDs or lasers. Although
each of these families oﬀers unique advantages over MAPbI3,
they are also associated with unique challenges that may aﬀect
the ﬁlms during or after processing. In the sections below,
these challenges will be considered, along with changes to the
processing methods that may be employed to avoid them.
6.2.1. A-Site Substitution. 6.2.1.1. FormamidiniumBased Perovskites. The formamidinium cation (FA+) has
emerged as a promising replacement for MA+, as it can reduce
the perovskite’s band gap and signiﬁcantly improve its thermal
stability,4,111,112,437 as well as aﬀording the possibility for
higher carrier diﬀusion lengths than purely MA-based perovskites;4,12,13,116,438 in particular, carrier lifetime measurements
on blended FA0.55MA0.45PbI3 single crystals indicate that the
mixed composition may have superior carrier lifetime to either
of the pure compounds.439 Although FA-based perovskites are
relatively stable against thermal decomposition, they are not
thermodynamically stable at room temperature, as the black
perovskite phase of FAPbI3 (α-FAPbI3) transitions to a yellow
hexagonal polymorph (δ-FAPbI3) below 60 °C.111,112 Consequently, higher annealing temperatures (usually well over
150 °C) are generally required in order to minimize the
presence of the nonperovskite phase, and the resulting ﬁlms
will revert over time to the more favorable δ-FAPbI3.4,437
Fortunately, a simple strategy exists to improve the favorability
of α-FAPbI3 (i.e., alloying with other cations and anions can
signiﬁcantly reduce the tendency to form the yellow phase and
thus enable straightforward fabrication of the FA-based
perovskite ﬁlms). The success of this strategy is evinced by
the preponderance of high-performance PSCs (including many
of the recent record-setting cells) that use FA as the majority
component on the A site,25−28,89,116,265,440,441 as well as the
demonstration of high-performance FA-based PSCs with
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Figure 44. Schematic illustration of FA1−xCsxPbI3 ﬁlms deposited from (A) DMF and (B) DMSO, and (C−D) corresponding cross-sectional SEM
images. Although microstructure appears to be similar in the two cases, voids form at the interface with the substrate in the former but not the latter
case when the thin ﬁlm is transformed from δ-FAPbI3 to α-FAPbI3. (E) Top-surface SEM images show that aging of the δ-FAPbI3 thin ﬁlm at room
temperature promotes grain growth, which carries over to the α-FAPbI3 thin ﬁlm after annealing. Adapted from ref 450. Copyright 2017 American
Chemical Society.

stand in a closed Petri dish at room temperature for 12 h, the
apparent grain size increased roughly 3-fold without losing its
compactness (Figure 44E). The ﬁlm can then be converted to
an α-FA1−xCsxPbI3 ﬁlm with identical overall microstructure by
postannealing at 150 °C.450
More complicated mixtures of cations have also been
successful at improving the quality of FA-based perovskite
ﬁlms. Saliba et al.25 introduced a triple-cation composition,
comprising a mixture of Cs+, MA+, and FA+ on the “A” site and
I− and Br− on the “X” site, which they claimed could suppress
nonperovskite impurity phases present in the mixed MA-FA
system. Furthermore, problems pertaining to sensitivity of the
ﬁlm deposition process to “hidden variables” (e.g., temperature
ﬂuctuations or residual solvent vapors) could be reduced by
addition of Cs to this system.25 PSCs from a number of
laboratories using triple-cation (i.e., Cs-FA-MA) absorbers
prepared by the solvent engineering process have reliably
exceeded 20% PCE.26,121,266,451 Some have reached a
remarkably high FF of 84% despite very small apparent grain
size (∼100 nm),121 supporting the proposal that grain
boundaries in halide perovskite ﬁlms are relatively benign (if
properly terminated/passivated).14
Precise mixing of the cations can also have a signiﬁcant
impact on the ﬁlm processing. Matsui et al.16 investigated the
eﬀects of varying the MA/Cs cation ratio in (FA0.8MA0.2−xCsx)Pb(I0.83Br0.17)3, ﬁnding that the presence of Cs could allow the
formation of the perovskite phase at room temperature by
solvent engineering, obviating entirely the need for the hightemperature processing typically necessary for FA-based
perovskites. At Cs mole percentages of 10% or above, XRD
peaks corresponding to MA2Pb3I8·2DMSO as well as those

concentrations by rejection of nonperovskite CsPbI3, the
(FAPbI3)1−x(CsSnI3)x system is fully miscible, entirely
suppressing nonperovskite impurities. The stability of this
system may arise from a combination of entropic eﬀects and a
high degree of structural similarity between the FAPbI3 and
CsSnI3 perovskite phases. It is, therefore, likely that judicious
tailoring of the perovskite composition to optimize for both
maximum entropy of mixing and structural compatibility will
be a promising strategy for formation of high-quality mixedcation/anion perovskite ﬁlms.
Film preparation pathway and resulting morphology also
play an important role in phase stability. Liu et al.450
investigated formation of FA1−xCsxPbI3 ﬁlms by the antisolvent/solvent extraction process (section 4.1.4), ﬁnding that
processing from a DMF solvent leads to interfacial voids that
can signiﬁcantly impair stability of the perovskite phase, while
ﬁlms prepared using DMSO do not suﬀer from these problems
(Figure 44, panels A−D). The authors propose, based on
observations that signiﬁcant apparent grain coarsening is
observed upon annealing DMF-deposited ﬁlms but not within
the DMSO-deposited analogs, that the simultaneous occurrence of rapid grain growth and phase conversion may
promote the formation of these interfacial defects. Therefore,
decoupling of these processes should lead to a more stable
microstructure and prevent void formation, making the
perovskite ﬁlm less susceptible to degradation. Liu et al.450
also found that, although the presence of δ-FAPbI3 is generally
undesirable in the ﬁnal perovskite ﬁlm, it, like other
intermediate phases, can be useful for manipulation of the
perovskite ﬁlm structure/morphology. For example, after
depositing δ-FA1−xCsxPbI3 from DMSO and letting the ﬁlm
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indicative of δ-FAPbI3 were eliminated. The authors also note
that increasing the MA/Cs ratio increases the apparent grain
size, though at some cost to uniformity, especially when Cs is
completely removed.16 This work sheds light on the role of Cs
in the formation of the perovskite ﬁlms, with Cs evidently
interfering with the interactions between the perovskite
precursors and the solvent. Fourier-transform infrared spectroscopy (FTIR) of the precursor solution for various
concentrations of Cs suggests that hydrogen bonds between
the MA+/FA+ cations and the Pb−I network are strengthened
with the addition of Cs, allowing the generation of more
spatially isotropic nuclei composed of the perovskite itself
rather than a complex with the solvent. This pathway allows
the perovskite to form at room temperature with a densely
packed microstructure but at the cost of small apparent grain
size (Figure 45). The addition of MA can alleviate this latter

to very slightly expand it, indicating that Rb is not actually
incorporated into the lattice (at least, not as a substitutional
cation on the “A” site), an observation corroborated by solidstate nuclear magnetic resonance measurements.457 The lattice
expansion is rationalized by noting that peaks in the XRD
pattern, similar to those expected for the nonperovskite RbPbI3
but shifted to slightly higher angle, may indicate that this phase
also includes Br, forming RbPb(I1−xBrx)3 with a predicted
halide ratio matching approximately that of the (FA0.83MA0.17)Pb(I0.83Br0.17)3 precursor solution. In addition to the undesired
eﬀect of nonperovskite secondary phase formation, Rb also
appears to change the composition (and, thus, material
properties) of the surrounding perovskite matrix by altering
its halide ratio. The competition for Br by the Rb-based phase
may thus explain the expansion of the FA-perovskite phase,
which may then be due to depletion of Br (relative to I) rather
than any direct eﬀect due to Rb. Hu et al.456 posit that the
aﬃnity between Rb and Br causes the latter to leach out of the
perovskite, but the lattice expansion/iodide enrichment could
also be due to the fact that Rb is added to the (FA0.83MA0.17)Pb(I0.83Br0.17)3 precursor solution as RbI, which will therefore
tend to increase the overall I/Br ratio in proportion to the
amount of Rb. The presence of Rb also appears to exacerbate
moisture sensitivity of these materials, leading to further
segregation of photoinactive phases, in this case RbPb2I4Br.456
Thus, while it appears that addition of Rb may have some
beneﬁts to perovskite ﬁlm quality, these eﬀects are far less
established compared to those oﬀered by Cs.
6.2.1.2. Cesium-Based Perovskites. Like FAPbI3, CsPbI3 is
a more thermally stable alternative to MAPbI3 with a similar
bandgap (1.7 eV); however, this material and associated ﬁlms
also suﬀer from instability of the perovskite phase relative to a
nonperovskite phase at room temperature, especially when
exposed to ambient atmosphere.113,114,458 From a tolerance
factor perspective, CsPbI3 has the opposite problem relative to
FAPbI3, since the Cs+ cation is slightly too small to be
integrated into the perovskite crystal structure at ambient
temperatures. However, the CsPbBr3 perovskite phase is stable
at room temperature, as the resulting shrinkage of the anionic
lattice can more easily accommodate the small Cs+ cation on
the “A” site. While substituting Br− for I− does increase the
bandgap (∼2.25 eV for the pure bromide),459 which is
undesirable in the context of single-junction PV, blended anion
mixtures can help to recover a lower band gap while
maintaining the beneﬁts of enhanced stability117,460,461
(possibly through a conﬂuence of improved tolerance factor
and entropic eﬀects). The larger band gap also allows CsPbBr3
to emit light in the visible range, and the color of this emission
can readily be tuned by alloying with Cl or I, making it a
promising material for LEDs.5
An interesting possible resolution to CsPbI3 phase instability
relies on the observation that a ﬁne-grained microstructure
may actually beneﬁt the stability of the perovskite phase.
Eperon et al.114 ﬁnd that, by adding HI to a precursor solution
of CsPbI3 deposited by one-step spin-coating from a DMF
solution, the black perovskite phase can be stabilized while the
apparent grain size is reduced. This report may be interpreted
in the context of studies on CsPbI3 nanocrystals, which
indicate that smaller crystallite size correlates with greater
thermodynamic stability, possibly as the result of increasing
importance of surface contributions to the overall free energy
as grain size decreases.100,462 For cases in which thermodynamics are strongly aﬀected by surface energy, grains or

Figure 45. Top-surface SEM images of the morphology of FA-based
perovskite thin ﬁlms for a variety of MA and Cs compositions, before
annealing. The scale bar is 500 nm in all images. Reprinted with
permission from ref 16. Copyright 2017 Wiley-VCH.

problem somewhat by recovering some of the interaction with
the solvent, retarding crystallization and ultimately leading to
ﬁlms with larger grains and superior crystallinity. Matsui et al.16
concluded that an equimolar blend of MA and Cs provides the
best compromise for PSCs containing a room-temperaturedeposited absorber, with PCE reaching parity with devices
having the absorber annealed at 100 °C. However, Singh and
Miyasaka452 note that the processing atmosphere represents an
important consideration when optimizing the cation blend and
that addition of 5 mol % CsI to the precursor solution of
(FAPbI3)0.83(MAPbBr3)0.17 deposited by a similar process but
in relatively dry air (relative humidity <25%) rather than
nitrogen yields optimal morphology (and PSC performance),
with apparent grain size up to 1 μm.
Rb can also be used in place of Cs in FA-based PSCs. Gasquenching274 (section 4.1.3) or solvent engineering453,454
(section 4.1.2) processes yield comparable ﬁlm morphologies,
although signiﬁcantly higher annealing temperatures (∼150
°C) are necessary to form the black α-(FA,MA,Rb)PbI3 phase
than when Cs is used. Turren-Cruz et al.455 report that, not
only can Rb prevent the formation of δ-FAPbI3 in mixed MAFA-Rb lead iodide perovskites, it can also boost apparent grain
size, mobility, and carrier lifetime, leading to high-performance
PSCs in which hysteresis and other slow transients are
suppressed. However, the beneﬁts of Rb are not universally
observed or agreed upon. Hu et al.456 report that, while Cs
incorporation contracts the (FA0.83MA0.17)Pb(I0.83Br0.17)3
lattice in ﬁlms prepared by solvent engineering, Rb appears
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Figure 46. Top-surface SEM images showing the morphology of thin ﬁlms prepared by the two-step dip-coating process: (A) CsPbBr3, (B)
CsPbIBr2, and (C) CsPb0.9Sn0.1IBr2. Adapted from ref 461. Copyright 2017 American Chemical Society.

likewise demonstrated that similar morphologies of CsPbI3 and
CsPbI2Br thin ﬁlms, respectively, can be obtained along with
high PV performance using thermal coevaporation.
Sequential solution deposition oﬀers another means of
managing the solubilities of the Cs and Pb halide precursors,
avoiding the challenge of forming a stoichiometric balance at
high concentrations. Kulbak et al.469 demonstrated compact
grains with large apparent size of CsPbBr3 using a variant of
the dip-coating process described in section 4.2.1, wherein ﬁrst
PbBr2 is spin-cast from a DMF solution, which is then
converted to perovskite by immersion in a warm solution of
CsBr in methanol. Liang et al.461 attained similar microstructures using essentially the same process for both CsPbBr3
and CsPbIBr2 but found that addition of Sn has a surprising
impact on the morphology of the thin ﬁlms. While the pure Pb
perovskites CsPbBr3 and CsPbIBr2 have compact grains with
apparent size over 1 μm (Figure 46, panels A and B), similar to
the microstructure obtained by Kulbak et al.,469 addition of Sn
leads to a densely packed rodlike morphology (Figure 46C).461
Nevertheless, this microstructure remains continuous (unlike
the rodlike structure typically witnessed for one-step spincoating of MAPbI3, as seen in Figure 20) and evidently does
not exact a penalty in any device performance parameters
relative to the pure Pb analogs but rather improves JSC as well
as thermal and (surprisingly) environmental stability. Compact, apparently large-grain CsPbBr3 perovskite ﬁlms can also
be obtained from the two-step spin-coating process (section
4.2.2). Duan et al.464 ﬁrst deposited PbBr2 thin ﬁlms as in the
above examples but then spin-cast the CsBr solution onto the
substrate and thereafter annealed it. Repeating this process
several times generates compact grains with large apparent size
predominantly composed of CsPbBr 3 , although some
impurities of CsBr-lean CsPb2Br5 and Cs-rich Cs4PbBr6 appear
in the thin ﬁlm XRD patterns. Fewer CsBr coating cycles than
the optimum (4 cycles) generally lead to a CsPb2Br5-dominant
ﬁlm, while a higher number yield a Cs4PbBr6-dominant ﬁlm.
Even though the optimal CsPbBr3 thin ﬁlm contains these
impurities, they evidently do not severely hurt the optoelectronic properties of the ﬁlm, as HTL-free PSCs based on these
ﬁlms reach PCE of nearly 10%, a reasonably high value in view
of the wide band gap of CsPbBr3.464
As for the case of MAPbI3 (as discussed in section 6.1),
stoichiometry modulation of Cs-based perovskite ﬁlms can be
a useful tool for tuning ﬁlm quality, particularly through the
use of Cs-halide-rich precursors. Ma et al.470 have observed
that luminescence of CsPb(I1−xBrx)3 ﬁlms prepared by dualsource evaporation from CsBr and PbI2 sources declines as the
composition moves from CsBr-rich to PbI2-rich, although the
PL lifetime is higher for ﬁlms with a balanced stoichiometry.
The high PL intensity of the CsBr-rich ﬁlms suggests that the

nanocrystals having a more isotropic shape may become
increasingly favorable due to their low surface area-to-volume
ratio. Indeed, perhaps the most successful means of working
with the perovskite phase of CsPbI3 is to fabricate thin ﬁlms
from presynthesized colloidal quantum dot solutions, which
display much better long-term stability of the perovskite
phase.462,463 Swarnkar et al.462 synthesized CsPbI3 quantum
dots by injecting Cs-oleate in 1-octadecene (ODE) into a
solution of PbI2, oleic acid, and oleylamine in ODE. After
puriﬁcation, the quantum dots were dispersed in octane and
spin-cast onto the substrate, after which a treatment of lead
acetate or nitrate in methyl acetate induces replacement of the
native ligands and improves ﬁlm cohesion. Repeating the
coating and ligand treatment process enables control over the
ﬁlm thickness. The thin ﬁlms thus obtained appear to
conformally coat the substrate (as judged from cross-sectional
SEM images) and perform well as the active layer in PSCs and
LEDs.462 Sanehira et al.463 ﬁnd that post-treatment of such
CsPbI3 quantum dot ﬁlms with FAI (by immersion in a
solution of the salt in ethyl acetate) can improve the coupling
between quantum dots, enhancing the carrier mobility without
appreciably changing ﬁlm morphology or properties, apart
from a slight blueshift in the PL emission. PSCs fabricated
using these ﬁlms as absorber reach a certiﬁed PCE of 13.4%, a
new record for PV devices using a quantum dot-based
absorber.24
A unique challenge associated with Cs-rich compositions is
that Cs halides are typically even less soluble than the Pb
halides,464−466 particularly CsBr,117 which complicates traditional solution-processing methods as it can be challenging to
form precursor solutions with balanced stoichiometry of the Cs
and Pb (or other metal) halides at high concentrations. While
it is still possible to prepare Cs-based perovskite ﬁlms using
traditional solvents such as DMF, or by using organic ligands
to allow dispersion of perovskite quantum dots in nonpolar
solvents, vapor-processing methods eliminate challenges
associated with solubility, especially given that all-inorganic
perovskites are signiﬁcantly less sensitive to the eﬀects of
heating than hybrid analogs. Such methods, therefore, oﬀer a
facile route to the preparation of high-quality inorganic halide
perovskite thin ﬁlms. Hutter et al.465 found that, while it was
possible to deposit CsPbI3 by solvent engineering (using a
mixed DMF/DMSO solvent) and to obtain apparently large,
compact grains, similar morphology could be obtained by
thermal coevaporation. Furthermore, the evaporated ﬁlms
demonstrated vastly superior carrier lifetimes (as measured by
time-resolved microwave conductivity or TRMC) as well as
enhanced PV performance relative to the solvent-engineered
ﬁlms,465 hinting at the possibility of detrimental solventprecursor interactions. Frolova et al.467 and Chen et al.468 have
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lifetime reduction most likely reﬂects enhanced radiative rather
than SRH recombination. PL mapping also indicates that
luminescence appears to be most intense from the smallest
grains for both CsBr-rich and stoichiometric ﬁlms. While the
microstructure is similar across each stoichiometry (compact
grains, with secondary phase impurities in the oﬀ-stoichiometric ﬁlms), the CsBr-rich ﬁlms appear to have the smaller
grains.470 This feature may explain the strength of the overall
luminescence for the CsBr-rich ﬁlms, if the PL is activated by
defects with strong radiative transitions at the grain surfaces, or
if PL-inactive defects at the surfaces are passivated by the
excess CsBr. Yantara et al.471 further demonstrated that the
PLQY and luminance of CsPbBr3 LEDs prepared by simple
one-step spin-coating from DMSO can be improved using a
CsBr-rich precursor solution, putatively due to trap passivation
as the addition of the extra CsBr does not appreciably alter the
ﬁlm morphology. Ling et al.472 have examined stoichiometric
and CsBr-rich CsPbBr3 deposited by sequential thermal
evaporation of the precursors and demonstrated improved
luminescence intensity and quantum yield in the latter. They
attribute the luminescence enhancement to suppression of
deep trap states in favor of shallow, radiatively active states at
the interface between CsPbBr3 and low-dimensional Cs4PbBr6
generated by the excess CsBr.472 Excess CsBr might also help
to passivate bulk as well as surface defects. Cho et al.473 found
that a slight excess (1.1 times the PbBr2 concentration) of
CsBr in the precursor solution for one-step spin-cast CsPbBr3
ﬁlms enhances the current eﬃciency and luminance of LEDs
based on these ﬁlms, and they attribute this improvement to
the suppression of metallic Pb defects.
6.2.1.3. Other Monovalent Cations. Although the chemical
formula of the lead halide perovskites would seem to naturally
accommodate alkali metals, the 3D structure at roomtemperature does not easily admit even the largest nonradioactive member of this family, Cs, especially in the case of
the iodide perovskites (as noted in the previous section).
Nevertheless, addition of Cs in small amounts has been a
successful strategy for the fabrication of high-performance
PSCs (as noted in section 6.2.1.1). Therefore, the broader
family of alkali-metal substitutions is a logical area of further
chemical exploration. Even without substitution within the
crystal structure, alkali metals can inﬂuence grain growth. Bag
and Durstock474 found that, although it did not appear to
change the overall chemical composition of the ﬁlm, small
amounts (0−5 mol %) of NaI added to the PbI2 precursor
solution in conjunction with DMF-based solvent annealing
(section 5.1.2) signiﬁcantly enhances the apparent grain size
and compactness of MAPbI3 ﬁlms prepared by the 2-step dipcoating method (section 4.2.1). Excessive amounts (>5 mol %
of NaI), however, lead to formation of pinholes and voids
(Figure 47). The improvement in grain structure for small
amounts of NaI addition correlates with a substantial boost in
PSC performance driven predominantly by an increase in JSC,
although optimal performance is achieved at 2 mol % Na, well
below the point at which ﬁlm morphology becomes
discontinuous.474 This result indicates that excessive Na
incorporation may have additional detrimental eﬀects beyond
the inﬂuence on morphology.
Similar improvements in photocurrent were reported by
Abdi-Jalebi et al.475 using essentially the same two-step
perovskite deposition process, though using a mesoporous
rather than planar architecture. In this latter work, addition of
less than 2 mol % NaI to the PbI2 solution leads to a more

Figure 47. Top-surface SEM images of MAPbI3 perovskite thin ﬁlms
with diﬀerent NaI additions to a PbI2 solution in the 2-step process:
(A) 1 mol %, (B) 3 mol %, (C) 5 mol %, (D) 6 mol %, (E) 6 mol %,
and (F) 8 mol %. While 1−3 mol % Na addition appears to lead to
large, compact grains, 6 mol % leads to inconsistent coverage on the
substrate, and 8 mol % results in the formation of large voids. The
scale bar in all images is 2 μm. Adapted from ref 474. Copyright 2016
American Chemical Society.

porous PbI2 precursor thin ﬁlm, which aids the conversion to
MAPbI3 by providing pathways for the MAI to inﬁltrate the
PbI2 network (as discussed in section 4.2.1). However, this
additive level also leads to pinholes in the perovskite capping
layer, exacting a slight penalty in VOC. These results are
consistent with those of Bag and Durstock474 described above,
who ﬁnd that the ﬁnal MAPbI3 ﬁlms become less continuous
with increasing Na incorporation, which may reﬂect the
increasing porosity of the PbI2 precursor ﬁlm. The inferior
morphology obtained by Abdi-Jalebi et al.475 relative to that
obtained by Bag and Durstock474 may simply reﬂect that the
MAPbI3 ﬁlms were solvent-annealed in the latter case but
subjected to a regular thermal anneal in the former.
The beneﬁts of Na and other alkalis (at least at low enough
incorporation levels) may go beyond their inﬂuence on ﬁlm
morphology (i.e., alkali metals may also passivate defects). Bi
et al.476 witnessed improvement in the PCE of PSCs stored in
an inert environment, driven by JSC, as well as a substantial
presence of Na+ in TOF-SIMS proﬁles of these ﬁlms/devices.
The authors speculated that migration of Na+ from the sodalime glass substrate might passivate MA+ vacancies at grain
boundaries. Deliberate incorporation of Na by the formation of
a Si/NaCl/PTAA/MAPbI3 stack leads to gradual increase in
the ﬁlm PL lifetime, which also scales with the amount of NaCl
used to form the interlayer. Control stacks without Na (either
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rather than the choice of anion. Hou et al.279 also observed a
similar, though less drastic eﬀect on the PL from the addition
of GACl in all-mesoporous cells (as described in section 4.1.5).
Jodlowski et al.434 demonstrated that up to 25 mol % GAI can
substitute into the precursor solution of MAPbI3 thin ﬁlms
(prepared by solvent engineering) without causing phase
segregation, while GA levels below this limit continuously shift
the XRD peak positions. The presence of GA below the
solubility limit also reportedly boosts JSC, VOC, FF, and thermal
stability of PSCs, as well as appearing to suppress pinholes.
The enthalpy of formation of the mixed MA-GA system (at 25
mol %) is calculated by DFT to be signiﬁcantly lower (i.e.,
more negative) than that of the pure MAPbI3, representing a
large increase in the overall thermodynamic stability of the
perovskite structure that is putatively attributable to the
increased number of hydrogen bonds available in the GAalloyed system.434
Monovalent noble metal cations can also be used to
inﬂuence the perovskite absorber. Abdi-Jalebi et al.475 found
that <2 mol % addition of CuI, CuBr, or AgI into the PbI2
precursor solution used in the two-step dip-coating process can
help to improve the coverage of both the initial PbI2 precursor
and the ﬁnal perovskite ﬁlms, as well as induce a modest (for
AgI) to signiﬁcant (for CuI and CuBr) improvement in PSC
performance. This improvement may be due to interfacial or
grain boundary trap passivation. In a X-ray absorption ﬁne
structure study focused on Ag incorporation in MAPbI3
prepared by solvent engineering, Chen et al.484 found that
Ag is more likely to substitute for Pb rather than MA. On the
basis of Mott−Schottky analysis of capacitance−voltage
measurements, Ag appears to act as an acceptor, progressively
shifting the conductivity from n-type (pristine perovskite) to
intrinsic with increasing concentration, with the Fermi level
located almost exactly at midgap at 5 mol %.484 In this study,
Ag also inﬂuences the microstructure, initially increasing the
apparent grain size for small doping levels (up to 1 mol %) but
leading to cracks and pinholes at higher concentrations.484 The
PL lifetime of the Ag-doped perovskites increases at 0.5 mol %,
but drops oﬀ thereafter, a trend mirrored in the PCEs of
devices made using these ﬁlms. These results suggest that Ag
may passivate traps, in addition to the eﬀects on grain structure
and doping. Alternatively, it is also possible that the main
beneﬁts are solely due to microstructural improvements and
that increased Ag concentration causes the trap density to
compensate for the higher crystallinity and apparent grain size.
6.2.2. B-Site Substitution. 6.2.2.1. Sn-Based Perovskites.
Replacement of Pb by Sn on the “B” site is a possible strategy
for achieving two desirable outcomes: reduction of toxicity and
reduction of the band gap (relative to Pb-based analogs).101,112,376,485 However, such substitution presents new
challenges, including most notably the instability of divalent tin
relative to the corresponding tetravalent state, rendering the
perovskite highly susceptible to oxidation.112,486,487 This
tendency can lead to large trap densities, high hole
concentrations, and nearly metallic conductivity in tin iodide
perovskites,486−489 with some of these eﬀects possibly
associated with Sn migration out of the lattice and reaction
with oxygen to form inclusions of SnO2 (note that if Sn2+ were
to simply oxidize to Sn4+ and donate the electrons to the
structure, the opposite eﬀect might be predicted, i.e., n-type
doping).490 Sn may possibly be removed from the perovskite
without large-scale perturbation of the crystal structure,
generating Sn vacancies that act as acceptors. Susceptibility

deliberately added or already present in the substrate), or with
a thicker PTAA layer, do not display a similar change in PL
lifetime. Na diﬀusion from the substrate is also known to have
a beneﬁcial impact in CIGS solar cells, providing wellcharacterized precedent for this type of phenomenon.477,478
Chang et al.479 found that substituting small amounts (<1
mol %) of either Na or K could boost PL intensity and lifetime
for MAPbI3 ﬁlms prepared by solvent engineering, with a
concomitant increase in the JSC and FF of associated PSCs.
Although grain growth also appears to be induced by the alkali
metals, this eﬀect is only signiﬁcant at incorporation levels ≥1
mol % (similar to the results observed by Bag and
Durstock474 ), at which point their presence becomes
detrimental to PSC performance. A subsequent study by
Tang et al.480 on K incorporation into mixed-cation
FA0.85MA0.15Pb(I0.85Br0.15)3 (also prepared by solvent engineering) ﬁnds this system to have much higher alkali metal
tolerance, with optimal PSC performance and suppressed
hysteresis at 5 mol % KI addition to the perovskite solution.480
Intriguingly, a systematic upward shift in lattice constant and
downward shift in the band gap are observed for K addition
levels of up to 20 mol %, although some rejection of
nonperovskite phases is observed at this upper value. AbdiJalebi et al.481 have shown that addition of KI to the precursor
solution of Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 thin ﬁlms prepared by solvent engineering can lead to internal PL quantum
yields of ∼90% when a 5−40 mol % excess is used, although
with compromised carrier mobility at levels over 10 mol %. On
the basis of SEM/EDS characterization, they attribute the
improved luminescence to passivating eﬀects of a K- and Brrich phase that decorates ﬁlm surfaces and grain boundaries.
They also observe a redshift of the band gap with increasing KI
and propose that this behavior arises due to a preferential
interaction of K with Br, which makes the bulk of the
perovskite slightly more I-rich, thus lowering the band gap.481
These ﬁndings generally agree with those of Tang et al.480 but
suggest that the eﬀects of K addition on the perovskite lattice
are indirect, rather than arising as a direct result of
incorporation as an interstitial or substitutional defect (note
similarity with the case of Rb incorporation,456 as noted in
section 6.2.1.1). Addition of K can also beneﬁt inorganic
CsPbI2Br perovskites prepared by one-step spin-coating, with
7.5 mol % substitution of K for Cs reportedly leading to
enhanced apparent grain size, PSC performance, and operational stability.482 While there is no clear consensus on the
precise levels of light alkali metals required to attain the
beneﬁts of larger grains and defect passivation within the
resulting ﬁlms, it seems clear that light alkali addition is
generally helpful, perhaps through the passivation eﬀect
described by Abdi-Jalebi et al.481 The optimal alkali additive
amounts will likely vary depending on the perovskite
composition and deposition recipe.
Similar beneﬁts have been observed when guanidinium
[GA+ or C(NH2)3+] is incorporated into the precursor. De
Marco et al.483 demonstrated that partial replacement of MAI
with GAI or GACl within the solution used in the second step
of the two-step spin-coating process (section 4.2.2) substantially increases the PL lifetime of MAPbI3 ﬁlms to nearly a
microsecond, a 10-fold increase relative to the pristine
perovskite, in conjunction with modest improvements in
apparent grain size and ﬁlm roughness. The choice of GAI or
GACl did not alter the conclusions of the study, suggesting
that the beneﬁts observed are intrinsic to GA incorporation
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to Sn oxidation is quite troublesome for both ﬁlm deposition
and operation of associated optoelectronic devices and severely
restricts the acceptable range of processing conditions
compared to the more stable Pb-based systems (e.g., strict
isolation from any exposure to possible oxidizing species is
essential). Consequently, the performance of Sn-based PSCs
has lagged that of the Pb-based cells, with the PCE watermark
having until recently been pinned at roughly 6% since
2013.74,486,491−493
However, fresh advances have yielded signiﬁcant improvements in ﬁlm deposition and PCE. Zhao et al. used a solvent
engineering method to deposit a mixed organic cation
composition, FAxMA1−xSnI3, which yielded a PCE of over
8%.494 In this report, FA helps to reduce SRH recombination,
as evidenced by TRPL and impedance spectroscopy, although
it should still be noted that the carrier lifetimes are ∼1−5 ns, in
some cases several orders of magnitude lower than those of Pbbased perovskites. Increasing the FA concentration also
improves ﬁlm coverage and continuity.494 Shao et al.495
found that a synergy of SnF2 addition and PEA substitution
could improve the crystallinity of FASnI3 thin ﬁlms prepared
by solvent engineering, thereby reducing defect and hole
concentrations and subsequently increasing the carrier lifetime
as measured by TRPL. Substitution of PEAI for FAI may
induce the formation of a “seed layer” of 2D (PEA)2SnI4 near
the interface with the substrate that templates the growth of
the overlying 3D FASnI3. This templating may explain the
higher crystallinity as well as the greater degree of preferred
orientation evident in the PEA-assisted ﬁlms relative to the
purely 3D perovskite, as seen in grazing-incidence WAXS
patterns. In addition, larger amounts of PEA appear to
promote fusion of the grains, which may lead to greater
structural cohesion of the thin ﬁlm and better moisture/
environmental tolerance, although substitution of more than 8
mol % PEAI leads to unacceptably rough and pinholecontaining ﬁlms. With the use of the optimal substitution
ratio of 8 mol % PEAI, PSCs with PCE > 9% were achieved, as
of this writing the highest of any Pb-free PSC.495 This level of
performance, as well as the degree of recombination (inferred
from the TRPL lifetimes), still lags those of Pb-based
perovskites considerably; however, addressing the defect
concentration levels appears to be an important strategy
toward further improvement of Sn-based perovskite devices.
To attain high quality Sn-based halide perovskite thin ﬁlms,
stringent precaution must be taken to avoid exposure to air or
other oxidizing species during and after ﬁlm fabrication (most
typically, this implies performing the processing steps in a
rigorously maintained inert atmosphere glovebox). Indeed,
active prevention of either Sn oxidation or loss through
additives appears to be a critical strategy toward the fabrication
of high-performance pure Sn perovskite ﬁlms, although such
approaches may also lead to unwanted morphological eﬀects
that must themselves be countered by other additives. In both
of the above reports wherein PCE > 8% is reached,494,495 SnF2
added to the precursor solution suppresses the hole
concentration and appears to aid grain growth, a commonly
used strategy that has been attributed to increasing the
chemical potential of Sn in the ﬁlm, suppressing vacancy
formation.435,436,490,493,496 Unfortunately, SnF2 can also phasesegregate, given the large size discrepancy between the F− and
I− anions. This eﬀect may, however, be mitigated by the
presence of other additives. Lee et al.497 found that adding
pyrazine to the precursor solution of FASnI3 prepared by

solvent engineering forms a Lewis adduct with SnF2, which
disperses more homogeneously throughout the ﬁlm and
increases the eﬀectiveness of SnF2 at suppressing oxidation.
It is also worthwhile to note that, in this study, the use of
DMSO as a component of the precursor solution appears to be
critical to the ﬁlm uniformity, as solvent engineering from a
pure DMF solution is unable to deliver conformal coverage.
Hao et al.498 have shown that SnI2·3DMSO intermediate
formation during one-step spin-coating of MASnI3 may be a
critical step to enable uniform ﬁlm deposition, with subsequent
conversion to compact, apparently large-grain perovskite after
postannealing. Cao et al.499 added both SnF2 and triethylphosphine to the precursor solution of (BA)2(MA)2Sn3I10
ﬁlms prepared by hot casting (as described in section 4.1.1)
on substrates preheated at 120 °C. They ﬁnd that SnF2 by itself
again leads to aggregation of the perovskite, forming void
spaces in the ﬁlms, while the ﬁlms prepared using both
additives exhibit signiﬁcantly improved coverage, though with
some small pinholes remaining.
If the beneﬁt of adding SnF2 is simply to increase the
chemical potential of Sn, there is no particular necessity to use
the ﬂuoride as opposed to other halides. Applying this logic,
Song et al.500 used a large excess of SnI2 to fabricate CsSnI3
ﬁlms and PSCs by the one-step spin-coating method, ﬁnding
that a 0.4 molar ratio of CsI to SnI2 yields the highest PCE,
while cells prepared from a stoichiometric solution display
neither PV nor even rectifying behavior. This observation
contradicts the ﬁndings by Wang et al.,501 who obtained a PCE
of 3.31% in PSCs made from CsSnI3 ﬁlms derived from
stoichiometric solutions. The discrepancy could be attributed
to the highly compact ﬁlms with uniform microstructures in
this latter study, prepared using prereacted CsSnI3 (using high
temperature annealing in sealed tubes) and a diﬀerent solvent
mixture (methoxynitrile/ACN/DMF), together with optimized heat treatment. Surprisingly, the large Sn excess in the
precursor solution used by Song et al. 500 does not
detrimentally impact ﬁlm coverage, nor are crystalline
secondary phases of SnI2 observed in the XRD patterns (at
least until reaching a CsI:SnI 2 ratio of 0.2) or are
agglomerations of Sn evident in EDS maps. It is not entirely
certain where the excess SnI2 goes in this process, but it may
segregate to interfaces or grain boundaries as amorphous or
very ﬁne-grained crystalline inclusions that are not easily
detected by SEM or XRD. Combining a Sn-rich stoichiometry
with a reducing hydrazine atmosphere, which was previously
shown to reduce the defect population and improve carrier
lifetimes,502 the authors were able to further reduce the
perovskite conductivity and improve CsSnI3 PSC performance
to 4.8%, the highest PCE yet reported for a PSC with an allinorganic, Sn-based absorber.500 It bears mentioning, however,
that hydrazine is an especially hazardous substance, and
investigation into less dangerous reducing agents is advisable.
Sn content can also be modulated by a more counterintuitive method. The VASP technique (as described in section
4.2.3), in which SnI2 ﬁlms are annealed in MAI vapor,
reportedly may yield excess Sn in the MASnI3 ﬁlms rather than
excess MA or I.503 XPS measurements suggest that the extra Sn
may exist as a divalent oxide or hydroxide, eﬀectively
increasing the amount of Sn2+ available to ﬁll vacancies in
the perovskite. This result may be explained by noting that,
surprisingly, the acid/HI component of the MAI vapor does
not interact strongly with the ﬁlm during the VASP process
(supported by the observation that annealing SnBr2 ﬁlms yields
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MASnBr3 rather than a mixed iodide-bromide).503 Rather, the
MAI vapor may dissociate into HI and MA0 gas, the latter of
which may interact with trace moisture to produce the oxide
and hydroxide species observed in the XPS spectra according
to the following proposed reactions:

6.2.2.2. Other Divalent B Site Cations. By analogy to
replacement of MA+ on the A site with a Group 1 or 11 metal,
Pb2+ in the B site may potentially be substituted by a Group 2
or 12 metal or potentially any other divalent transition metal.
Sr2+ appears to be a particularly popular choice,120,508−511
perhaps due to having essentially the same size as Pb2+ in a 6fold coordination environment.512 The size similarity between
Sr2+ and Pb2+ also makes assessment of the degree of
incorporation challenging, as XRD pattern shifts cannot be
convincingly used for this purpose.510 Pérez-del-Rey et al.120
have shown that addition of 2 mol % excess SrI2 to a 3:1
mixture of MAI and Pb(OAc)2·3H2O in DMF, used in a onestep spin-coating recipe, leads to much smoother ﬁlms with
signiﬁcantly reduced apparent grain size but also much longer
charge carrier lifetime (as measured by TRMC). XPS and Xray absorption measurements of the ﬁlms show an unexpected
enhancement of the Sr/Pb ratio relative to the precursor
stoichiometry as well as an oxygen peak that is not present in
the pristine MAPbI3, indicating possible enrichment of Sr at
the ﬁlm surface, perhaps in the form of a strontium oxide,
carbonate, or acetate crust. The extent of Sr incorporation into
the bulk is not known. Sr-alloyed MAPbI3 PSCs can evidently
reach 85% FF, an astoundingly high value nearly at the
theoretical limit,120 making the understanding of how Sr
interacts with the perovskite framework of particular interest.
Conceivably, the small apparent grain size may be explained by
pinning of the grain boundaries by Sr impurities, which should
become more conﬁning as Sr content in the ﬁlm increases.
This crust, if it indeed exists, presumably also passivates the
grain boundaries/surfaces, as evidenced by the enhancement of
the TRMC lifetime and FF.
Substitution of other alkaline earth metals can also lead to
some interesting results. In a study by Chan et al.509 on the
eﬀects of Mg, Ca, Sr, and Ba in MAPbI3−xClx ﬁlms prepared by
one-step spin-coating from a DMF solution, while incorporation of the ﬁrst three metals leads to small apparent grain size
(as well as broad XRD peaks) and pinholes, Ba leads to
apparent grain size and XRD peak broadness similar to that of
the pristine perovskite and a more compact microstructure. A
systematic redshift in the band gap and shift of the tet(110)
peak in the perovskite XRD pattern to lower angles occur with
increasing Ba content, suggesting that Ba may substitute within
the perovskite lattice.509 Overall, 3 mol % Ba (added as BaI2 in
the precursor solution) yields the highest performing PSCs,
with an average PCE of 14.0% compared to 11.8% for those
prepared using the pristine perovskite. Although it is
reasonable to claim that the superior morphology of the Baalloyed perovskite ﬁlm enables better performance, this study
did not further elaborate on why Ba is more eﬀective than the
other alkaline earths. It is also worthwhile to note that the low
performance and nonideal morphology of the pristine
perovskite ﬁlm may simply reﬂect a lack of optimization of
the fabrication process, and that the beneﬁts of Ba may not be
relevant at a higher level of performance or in systems where
the pristine perovskite already has full coverage over the
substrate.
Group 12 metals (especially Cd) also exhibit some
interesting behavior when incorporated in perovskite ﬁlms.
While Navas et al.513 predicted that a solid solution of
MAPb1−xCdxI3 could persist up to x = 0.5, subsequent study
revealed that, at levels above x = 0.01, the perovskite phase
segregates into MAPbI3, (MA)2CdI4, and PbI2.514 The
presence of Cd can also increase the apparent grain size and

3SnI 2 + 2CH3NH 2 + H 2O → 2CH3NH3SnI3 + SnO
(30)

CH3NH 2 + H 2O ↔ CH3NH3OH

(31)

3SnI 2 + 2CH3NH3OH → 2CH3NH3SnI3 + Sn(OH)2
(32)

These chemical reactions, yielding either oxide or hydroxide,
generate two moles of perovskite and one of the oxide/
hydroxide for every three moles of SnI2, thus accounting for
the excess Sn. The authors also tested exposure of the SnX2
ﬁlms to MA0 gas and obtained similar results to the MAI
anneal, suggesting that the above-proposed reaction scheme
holds some validity. Similar behavior has also been observed
for PbI2,215 as discussed in section 5.2.1. Accordingly, PSCs
prepared from the Sn-rich ﬁlms deposited by VASP may
outperform those in which the absorber is deposited by onestep spin-coating from a stoichiometric precursor solution.503
As a ﬁnal note, mixed Pb/Sn compositions are also of
signiﬁcant interest. Although the band gap of MASnI3 is
substantially lower than that of MAPbI3, anomalous reduction
of the band gap occurs for intermediate MAPb1−xSnxI3
compositions, enabling collection of infrared emission with
wavelengths of as long as 1060 nm.101,485 The minimum band
gap occurs for slightly Sn-rich compositions but varies little
across a broad compositional range (x ≈ 0.25−0.75), over
which it is approximately 1.2 eV.101,485 The band gap of
FAPb1−xSnxI3 obeys a similar trend.376 The tunable reduction
in the band gap makes these compositions attractive either for
use as the bottom cell in tandem photovoltaic devices276,436 or
PSCs with optimal band gap stipulated by the ShockleyQueisser limit.504 An additional prospective beneﬁt is that
mixed Pb/Sn PSCs are reported to exhibit comparable or even
improved operational stability relative to those based on pure
Pb absorbers.276 Leijtens et al.505 propose that compositions
with 50% or less Sn are stabilized against oxidation by a
mechanism in which the presence of Pb interferes with the
formation of the volatile decomposition product SnI4, forcing
oxidation of Sn to occur along a less kinetically favorable
pathway that instead produces I2. Thus, replacement of Sn with
Pb is speculated to have a dual protective eﬀect that reduces
environmental susceptibility not only by lessening the content
of vulnerable species but also by retarding the oxidation
kinetics of the remaining Sn. The increased robustness of the
mixed Pb−Sn perovskites is also evident by the fact that the
eﬃciency of PSCs using these ﬁlms as the absorber
signiﬁcantly outstrips that of the pure Sn perovskites, with
several reports exceeding 17%.436,504,506 Despite the increased
oxidation resistance conferred by the presence of Pb, reports of
high-performance mixed Pb−Sn PSCs tend to employ
antioxidants such as SnF2276,436,504,506 or ascorbic acid507
and, in general, emphasize the importance of avoiding Sn
oxidation at every stage of fabrication. As in the case of the
pure-Sn perovskites, deposition strategies developed for highquality Pb-based perovskite ﬁlms generally transfer well to the
mixed compositions, with antisolvent extraction276 and solvent
engineering436,504,506,507 both being eﬀective strategies for the
deposition of compact and conformal ﬁlms.
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Figure 48. Top-surface SEM images showing enhancement of grain growth in MAPbI3 perovskite thin ﬁlms prepared by solvent engineering,
reportedly enabled by the formation of a liquid CuBr2-containing intermediate. All scale bars 500 nm. Reprinted from ref 519. Copyright 2016
Elsevier.

carrier lifetime of MAPbI3 ﬁlms, although reports diﬀer on
whether the lifetime is boosted modestly514 or more
substantially.515 Cd incorporation can be a “double-edged
sword”; while the above eﬀects can beneﬁt PSC performance,515 Cd has been observed to diﬀuse from a CdS ETL into
the MAPbI3 perovskite absorber during ﬁlm processing,
leading to the generation of insulating (MA)2CdI4 and PbI2
at the interface and eﬀectively blocking the device
current.514,516 Watthage et al.515 indicate that (MA)2CdI4
may play a crucial role in the enlargement of the grains by
acting as a ﬂux for the interaction between solid PbI2 ﬁlms and
MAI in solution during the two-step process and/or by
promoting Ostwald ripening of the perovskite grains. It may be
the case that similar processes are at work for Cd-doped ﬁlms
prepared by solvent engineering,514 which possess nearly
identical grain structure to the Cd-doped two-step ﬁlms
despite the substantial diﬀerences in processing. However, it
has not been determined whether colloidal (MA)2CdI4 species
are present in the one-step precursor solution, as they are when
CdCl2 is added to a solution of MAI in isopropanol for the
two-step process,515 and further work is needed to elucidate
the details of this reaction. Incorporation of mercury (by
substituting HgI2 for PbI2 in the precursor solution of MAPbI3
prepared by solvent engineering) can lead to similar eﬀects to
those of Cd, with small amounts (up to 10 mol %) boosting
apparent grain size and PSC performance (although hysteresis
also increases). However, larger amounts lead to the
emergence of large pinholes and phase segregation of the
nonperovskite MAHgI3.517 Given the chemical similarity
between Hg and Cd, it is conceivable that they may have
similar eﬀects on ﬁlm growth; however, the details of the
interaction are likely to be diﬀerent, as (MA)2CdI4 seems to be
more likely to form under typical perovskite processing
conditions compared to MACdI3.514
Williams et al.245 have undertaken a study of the eﬀects of
four transition metals (Mn, Fe, Co, and Ni), added in the form
of divalent halides to replace PbI2 in MAPbI3, and observe that
although pure ﬁlms drop-cast from a solution of MAPbI3 in
DMSO tend to grow with a rodlike morphology characteristic
of conversion from a perovskite-DMSO complex, addition of
any of the four metals favors direct precipitation of the
perovskite, leading to more isotropic morphology. Evidently,
the presence of the transition metals interferes with formation
of the perovskite-solvent complex, as indicated by the
enhanced resistance of the transition metal-alloyed ﬁlms to
bleaching when exposed to DMSO vapor (which would
indicate the formation of the light-colored perovskite-DMSO
complex). A reasonably large amount of each of the above
metals may be incorporated into the ﬁlms without rejection of
secondary phases (according to XRD patterns), with the
solubility limit appearing to lie between 10 and 25 at %. A
slight increase in the lattice parameters indicates that these

metals may not directly substitute for Pb (given the smaller
sizes of the substituted atoms), and the nature of their
distribution in the lattice remains ambiguous. An additional
eﬀect of the presence of the transition metals, as discussed in
section 3.5, is a response to magnetic ﬁelds (as may be
encountered when annealing ﬁlms on a stirring hot plate). For
Fe-alloyed ﬁlms, stronger magnetic ﬁelds appear to induce
larger grains but also lead to twinning, and the resultant ﬁlms
display inferior optoelectronic properties, causing a clear
reduction in PSC JSC, FF, and PCE.245 Although the carrier
lifetime as measured by TRPL is reduced (at 10 at % alloying
level), the PL intensity of the Mn-alloyed ﬁlm is enhanced 3fold relative to the pristine perovskite, indicating that its
presence stimulates radiative recombination. These results, as
well as others predicting that introduction of Mn does not
introduce deep trap levels,518 indicate that Mn may be a
productive transition metal for inclusion in order to attain
improved morphology. Furthermore, its eﬀects on radiative
recombination are certainly deserving of further study, as this
feature may enable the production of brighter and more
eﬃcient near-infrared LEDs.
Besides the transition metal additives described above,
Jahandar et al.519 ﬁnd that addition of CuBr2 to the precursor
solution for MAPbI3 ﬁlms prepared by solvent engineering can
increase the apparent grain size substantially, perhaps through
the formation of a CuBr2·DMSO intermediate that melts
during the postdeposition anneal, allowing the grains to grow
by Ostwald ripening in the presence of this liquid phase.
Signiﬁcant improvement in PCE accompanies this growth,
attributed in part to an increase in the hole concentration (as
inferred from a Mott−Schottky analysis of capacitance−
voltage data), which does indeed track the PCE well for all
levels of CuBr2 incorporation. However, the rather small
reported (∼2-fold) increase in carrier concentration (from 8 ×
1016 to 1.6 × 1017 cm−3) does not explain by itself the 2 orders
of magnitude drop in the perovskite sheet resistance.
Presumably, the dramatic improvement in the grain structure
improves the eﬀective mobility in the perovskite as well as the
carrier concentration. However, the grain structure does not
change substantially above 5 mol % CuBr2 (Figure 48), which
coincides with the maximum PCE, and it may be that the PCE
drops due to rejection of Cu- or CuBr2-rich secondary phases
for CuBr2 incorporation levels above this value, which might
interfere with carrier extraction.
6.2.2.3. Double Perovskites. An alternative means of
removing Pb from the perovskite structure is to replace it
with equal proportions of monovalent and trivalent metals,
ideally those that are isoelectronic to Pb2+ or Sn2+, such as Bi3+,
Sb3+, In+, or Tl+ (although the latter two are compromised,
respectively, by instability of the monovalent oxidation state
and toxicity), forming structures with a rock salt-type ordering
of the monovalent and trivalent metal octahedra that are
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frequently termed “double perovskites.”520−522 A number of
such compositions (both inorganic and hybrid organic−
inorganic) have been recently reported, including
Cs2AgBiBr6520,521 and Cs2AgBiBr6:Tl,523 Cs2AgBiCl6,521,522
Cs2AgInCl6,524 (MA)2AgBiBr6,525 (MA)2TlBiBr6,526 rare
earth-containing (MA)2KYCl6 and (MA)2KGdCl6,527 and
quasi-2D (BA)4AgBiBr8 and (BA)2CsAgBiBr7.528 Although
the double perovskites represent a large and diverse subfamily
of halide perovskites, the only composition that has thus far
received signiﬁcant attention for thin-ﬁlm optoelectronics is
Cs2AgBiBr6, owing to its enhanced thermal and environmental
resistance520,521 relative to hybrid perovskites such as MAPbI3,
as well as long carrier lifetimes exceeding 1 μs in thin ﬁlms.529
A signiﬁcant drawback of Cs2AgBiBr6 in the context of PV,
however, is its large (>2 eV) and indirect band gap,520,521 and
DFT calculations indicate that the maximum attainable PCE
from PSCs based on this compound is no more than 8%.530
Nonetheless, multiple reports531,532 of PCE exceeding 2% and
VOC ∼1 V in Cs2AgBiBr6 solar cells make them among the
highest-performing Pb/Sn-free halide perovskite absorbers,
despite their poor absorption, further attesting to their high
electronic quality.
A number of strategies developed for the deposition of other
halide perovskites have been readily applied to Cs2AgBiBr6
thin ﬁlms. Despite the challenges associated with dissolving
CsBr (as discussed in section 6.2.1.2), as well as AgBr and
BiBr3,531 most of these methods are based on single-step spincoating. In the ﬁrst report of Cs2AgBiBr6 thin ﬁlm deposition,
Greul et al.531 compared the solubility of Cs2AgBiBr6 in
hydrobromic acid, DMF, DMSO, and NMP and found DMSO
to be by far the best solvent (solubility limit ∼0.6 M compared
to ≤0.1 M for the others). Using a hot-casting approach (as
discussed in section 4.1.1) in which both the substrate and
solution were heated prior to spin-coating, they observed
enhanced optical absorption of the ﬁlms with increasing
preheating temperature. This eﬀect was attributed to faster
evaporation of the solvent, resulting in an overall greater
amount of material deposited on the substrate. However,
excessive preheating led to formation of an extremely rough
capping layer of large crystallites on the surface of the
mesoporous TiO2 substrate, perhaps due to excessively rapid
precipitation of the perovskite, and was associated with a loss
in JSC and PCE of solar cells using the Cs2AgBiBr6 as absorber.
Heating to 75 °C was found to be optimal for maximizing
photovoltaic performance. Greul et al.531 also found a
postdeposition thermal anneal to be important to ensure ﬁlm
purity. Although XRD patterns of the as-deposited ﬁlms are
dominated by peaks belonging to the double perovskite, AgBr
and Cs3Bi2Br9 impurities could only be removed by annealing
the ﬁlms at or above 250 °C, with 285 °C providing optimal
PCE of the associated PSCs. Using a similar recipe that
includes a 5 Pa vacuum drying step between spin-coating and
annealing to improve coverage, Lei et al.533 obtained
reasonably compact ﬁlms on planar Si/SiO2 substrates,
although some pinholes appear to be present. Solvent
engineering techniques have also been employed for
deposition of double perovskites with reasonable success.
Gao et al.532 report that washing the substrate with
isopropanol during spinning yielded smoother and less hazy
ﬁlms than those that were unwashed, or washed with other
antisolvents such as ethanol, methanol, toluene, or chlorobenzene. The optimized ﬁlms appear to have a smooth
microstructure composed of large, compact grains without

evidence of impurities, although the existence of several peaks
in the PL spectrum (in contrast with the single broad peak that
is usually observed520,529,531) of the ﬁlms remains unexplained,
and could indicate the presence of secondary phases that are
not detectable by XRD. These phases might arise from
diﬀerential precipitation rates of the perovskite precursors
upon interaction with the antisolvent; further work is needed
to clarify the origin of these unusual optical features. Pantaler
et al.534 ﬁnd that using chlorobenzene as the antisolvent in the
solvent engineering process can yield a smooth and compact
capping layer of Cs2AgBiBr6 deposited on mesoporous TiO2
substrates, in comparison with the highly discontinuous
capping layer obtained by Greul et al.531 using the hot-casting
method. Despite the successes of hot-casting and solvent
engineering, simple one-step spin-coating may be adequate for
producing high-quality Cs2AgBiBr6 ﬁlms, at least on planar
substrates. Ning et al.535 report the fabrication of phase-pure,
compact ﬁlms with reasonably large apparent grain size on
ITO/compact TiO2 substrates by spin-coating from a 0.5 M
solution prepared by dissolving presynthesized crystals in
DMSO. This result suggests that formation of Cs2AgBiBr6 is
less likely to be complicated by the eﬀects of precursor-solvent
intermediate phases, as in the case of MAPbI3.536
Recently, Ju et al.537 discovered a new type of Pb-free Tibased double perovskite, Cs2TiX6, where every other Ti (at the
B-site) is missing and the VTi are ordered. They synthesized
powders of Cs2TiI6, Cs2TiI4Br2, Cs2TiI2Br4, and Cs2TiBr6 and
measured optical bandgaps of 1.02, 1.15, 1.38, and 1.78 eV,
respectively. Subsequently, Chen et al.538 prepared thin ﬁlms of
Cs2TiBr6 using the two-step vapor-based method for PSCs
with possible tandem-PVs application in mind. These thin
ﬁlms show balanced and long lifetimes of photogenerated
electrons and holes, and the initial champion PSC has a PCE
of 3.3%.
6.2.3. X-Site Substitution. 6.2.3.1. Bromide. Br is a
frequently used alloying element in perovskite thin ﬁlms,
forming a portion of the halide component in many highperformance PSCs and LEDs, including all of the recordsetting PSCs plotted on the National Renewable Energy
Laboratory’s “Best Research-Cell Eﬃciencies” chart except the
earliest.24,26−28,116,148,265 Early introduction of Br into PV
absorbers was motivated by reports that the moisture tolerance
of MAPbI3 could be improved substantially by its incorporation.148,539 Alloying of Br and I provides a means of tuning
the band gap. As the proportion of Br increases relative to that
of I, the band gap does as well, a trend that holds for a variety
of perovskite systems, including MAPb(I1−xBrx)3,539 MASn(I1−xBrx)3,491 FAPb(I1−xBrx)3,4 and CsSn(I1−xBrx)3.540 This
tunability is desirable for many other optoelectronic
applications, as the range of band gaps accessible in these
systems encompasses values appropriate for top cells in tandem
PV systems or LEDs and lasers spanning colors from infrared
through green. Hoke et al.,118 however, determined that
exposure of MAPb(I1−xBrx)3 ﬁlms to illumination induces
phase segregation into iodide- and bromide-rich regions for
intermediate x values (ranging from ∼0.2−0.6), which has also
been directly observed in MAPb(I0.6Br0.4)3 through chemical
mapping by EDS.541,542 A corresponding reduction in the
band-to-band PL peak intensity is also observed, while a PL
peak presumably corresponding to the iodide-rich x = 0.2
phase grows in its place. This eﬀect appears to be reversible,
and the single-phase mixed-halide perovskite is recovered after
removal from the light.118 The increase in VOC deﬁcit in
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Figure 49. Optical and photophysical behavior of (A, D, G, and J) MAPb(I1−xBrx)3, (B, E, H, and K) Cs0.6MA0.4Pb(I1−xBrx)3, and (C, F, I, and L)
BAI1−xBrx-alloyed Cs0.6MA0.4Pb(I1−xBrx)3. (A−C) Photographs of LEDs for various Br contents x, which generally display red electroluminescence
for all ratios except the pure bromide, with the exception of those using the BA-alloyed perovskite, for which the color smoothly varies from red to
green as the composition transitions from I-rich to Br-rich. (D−F) Peak electroluminescence of the above LEDs as a function of the absorption
edge, which displays the same color pinning for the MA and Cs/MA perovskites despite a smooth variation of the absorption edge with Br content.
(G−I) Absorption edge and peak PL energy as a function of Br content; while the absorption edge scales more or less linearly with composition,
pinning of the PL peak in the mixed I/Br compositions is progressively alleviated by transitioning from pure MA to Cs/MA to BA-alloyed Cs/MA
perovskites. (J−L) SEM/EDS elemental maps of the above perovskites at x = 0.4, wherein segregation into I- and Br-rich regions is evident for the
MA perovskite but not the others. Adapted from ref 542. Copyright 2017 American Chemical Society.

MAPb(I1−xBrx)3 thin ﬁlm devices with Br content is thus most
easily explained by a carrier funneling eﬀect (also observed in
other tunable-band gap perovskite systems such as the
Ruddlesden−Popper series),31 in which photogenerated
carriers preferentially migrate to the regions of lowest band
gap (in this case, the iodide-rich regions), losing energy in the
process. The available VOC is, therefore, constrained by this
lowest band gap value, which may be signiﬁcantly lower than
the nominal band gap of the single-phase mixed-halide
perovskite. This behavior is not exclusive to the MAPb(I1−xBrx)3 system, as Niezgoda et al.543 also observe similar
eﬀects in CsPbBrI2.
Compositional segregation is obviously undesirable in the
context of many optoelectronic applications and undermines
the tunability of mixed iodide-bromide ﬁlms, as certain band

gaps may be functionally inaccessible for devices operated in
high-illumination environments. It is, therefore, useful to
explore possible processing strategies to mitigate or control
this eﬀect. Prevention of halide migration is perhaps the most
straightforward way of reducing the susceptibility to phase
segregation. Yoon et al.544 found that phase segregation
kinetics can be strongly suppressed in MAPb(I1−xBrx)3 ﬁlms
spin-cast from DMF, simply by employing a halide-deﬁcient
precursor solution (Pb:halide ratio of 1:2.4). Although a high
density of halide vacancies enhances the diﬀusivity of Br− and
I− anions, the scarcity of these anions means they evidently
must travel farther through the lattice to reach I- or Br-rich
domains. While Yoon et al.544 provide a possible pathway to
reduce halide phase segregation, a 20% deﬁciency of the
halogen represents a rather dramatic departure from ideal
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Giesbrecht et al.126 were able to obtain continuous
MAPbBr3 ﬁlms using conventional solvent engineering as
well as a one-step spin-coating recipe using a 3:1 molar ratio of
MABr:Pb(OAc)2. The former ﬁlms possess the small, densely
packed grain structure typical of solvent-engineered ﬁlms,
demonstrating that the rapid introduction of antisolvent is
suﬃcient to overcome the diﬀusivity-enhanced growth. Films
produced by the latter process are characterized by what
appear to be very large (∼1−10 μm) but shapeless grains with
strong preferred orientation favoring the (00l) planes. The
large apparent grain size was ascribed to the production of
excess methylammonium acetate, which may dissociate into
liquid (acetic acid) and gaseous species (MA0), promoting
Ostwald ripening of the perovskite grains.126 The compactness
and formlessness of the grains are somewhat surprising in view
of the tendency for MAPbBr3 to crystallize as dispersed, cubic
crystals with clear facets. Curiously, the length of time taken to
spin the substrate appears to be extremely important. Films
produced using a spin dwell time of 30 s do indeed comprise
scattered cubic crystals of relatively uniform size, with large
voids between them, but a longer dwell time of 3 min yields
the apparently large, shapeless grain microstructure described
above.126 The reasons for this diﬀerence were not explored,
but the formation of apparently large, ﬂat, highly oriented
grains is suggestive of the formation of a layered intermediate
phase that may be topotactically converted to perovskite by the
postdeposition treatment (as discussed for the case of Cl
precursors discussed in section 6.1.3). Alternatively, as
discussed in section 3.4, the formation of very large grains
with preferred orientation may be evidence of secondary grain
coarsening, in which the (001) face of the perovskite
crystallites possesses a strong aﬃnity for the TiO2 substrate.
However, further study of the inﬂuence of the precursors on
the crystallite growth will be necessary to better understand
this process.
Another means of avoiding the challenges posed by the high
diﬀusivity of Br− in solution is to reject solution-based in favor
of vapor deposition approaches. Giesbrecht et al.126 used a
conventional VASP process to react MABr with spin-cast
PbBr2 thin ﬁlms, obtaining compact, reasonably large apparent
grain size on the order of 1 μm, though with random
crystallographic orientation that contrasts strongly with the
(00l)-oriented ﬁlms produced using the Pb(OAc)2/MABr
precursor (one-step spin-coating approach described earlier).
This result suggests that the larger grains obtained by the onestep spin-coating method may indeed be due in part to the
reﬂuxing eﬀect of the liqueﬁed precursors. Along similar lines,
Leyden et al.313 used a conventional CVD process to deposit
MABr onto thermally evaporated PbBr2 ﬁlms, obtaining
MAPbBr3 ﬁlms of compact microstructure whose apparent
grain size can be tuned by changing the substrate temperature,
with larger grains resulting from higher temperatures. We may
conclude by observing that the diﬃculties in obtaining
continuous ﬁlms of bromide-rich perovskites diﬀer from the
pure iodides in degree but not in kind. That is, it is still
important to favor nucleation over growth in order to prevent
the formation of large and dispersed crystallites rather than
compact grains, but the comparatively high diﬀusivity of Brmakes this dynamic slightly more challenging to achieve.
Nevertheless, processes that aggressively stimulate nucleation,
such as solvent engineering, or retard growth, such as vapor
deposition processes, oﬀer straightforward resolutions to this
challenge.

stoichiometry and likely implies other detrimental impacts on
ﬁlm properties.
Alternatively, Xiao et al.542 have applied larger organic
cations to stabilize the mixed phase. Noting that the apparent
grain size of MAPbI3 ﬁlms prepared by the solvent engineering
process (section 4.1.2) can be strongly reduced by the addition
of n-butylammonium halide (BAI/BABr),32 Xiao et al. added
20 mol % excess BA halide to the mixed iodide-bromide
perovskite to form compositions with approximate formula
BAI1−xBrx-Cs0.6MA0.4Pb(I1−xBrx)3.542 Addition of the BA
halide in this manner results in very ﬁne apparent grain size
(∼10 nm in diameter) presumably terminated by a BA-rich
surface layer. Such small crystallites are less favorable for phase
segregation, in part due to the relatively large amount of energy
required to create new surfaces at the phase boundaries. While
the absorption edge does not change upon illumination and
scales linearly with Br composition, the photo- and electroluminescence peak energies are pinned at roughly the values
corresponding to the I-rich x = 0.2 perovskite, unless BA is
added to the perovskite precursor, in which case the linear
dependence of the emission peak on halide content is
recovered (Figure 49, panels A−I). This eﬀect could also be
witnessed in chemical mapping of the illuminated ﬁlms by
EDS, which shows clear segregation into I-rich and Br-rich
domains in a pure MAPb(I1−xBrx)3 thin ﬁlm and homogeneous
distribution of these elements in the BA-alloyed Cs/MA ﬁlms
(Figure 49J-L). Phase segregation in the Cs/MA perovskites is
not evident in the EDS images, indicating that Cs alleviates
phase segregation to some degree; however, pinning of the
luminescence reveals that it cannot do so completely. Only
with BA addition can the tunability of the mixed iodidebromide thin ﬁlms be recovered, allowing for continuous color
variation (as well as enhanced electroluminescence) in LEDs
and linear increase in VOC with bromide content in PSCs.542
Another complication that arises when working with Brcontaining perovskites is that the size/chemical diﬀerence
between the Br− and I− anions has important consequences for
ﬁlm formation. “One-step” spin-coating of MAPbBr3 or Br-rich
compositions tends to yield isolated, large, and well-faceted
crystals scattered over the surface of the substrate163,545 rather
than continuous, compact ﬁlms or the dendritic structure often
found in one-step spin-cast MAPbI3 ﬁlms. Even deposition
techniques that are more reliable for obtaining high-quality
MAPbI3 ﬁlms such as antisolvent/solvent extraction275 or twostep dip coating546 lead to rougher and less continuous ﬁlms
when applied to the Br-rich system. A key observation noted
by Zhou et al.275 is that the reduced size of the Br− ion relative
to I− results in a higher diﬀusivity of the bromide, enhancing
the relative growth rate of the perovskite grains over nucleation
and accounting for the favorability of large, dispersed crystals
over compact grains. In order to overcome this problem,
strategies must be devised that allow nucleation to be
decoupled from growth. Zhou et al.275 increased nucleation
rates in the antisolvent/solvent extraction process by agitating
the antisolvent bath and more rapidly extracting solvent from
the ﬁlm, thereby increasing the saturation ratio. Yu et al.545
reduced the size and increased the density of MAPbBr3
crystallites in ﬁlms spin-cast in a single step from DMF by
adding hydrobromic acid to the solution. The improved
morphology can be attributed to the increased viscosity of the
acidiﬁed solution, which reduces the diﬀusivity of solutes and
thereby suppresses the growth rate of perovskite nuclei.
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Figure 50. Top-surface SEM images showing the morphologies of MAPbI3 ﬁlms deposited by solvent engineering (A) without and (B) with 5 mol
% Pb(SCN)2 in the precursor solution, demonstrating a large increase in apparent grain size (after annealing) upon addition of thiocyanate, as well
as large deposits of PbI2 at the grain boundaries that may passivate the surfaces there. Reprinted with permission from ref 109. Copyright 2016
Wiley-VCH. (C) Top-surface SEM images of MAPbI3 ﬁlms deposited by solvent engineering (without annealing) with varying amounts of
MASCN in the precursor solution. (D) Proposed scheme for the formation of large grains derived from SCN-stimulated aggregates, in which the
aggregates arrange themselves on the substrate and are subsequently transformed into perovskite grains by exposure to vacuum. Adapted with
permission from ref 15. Copyright 2017 Royal Society of Chemistry.

6.2.3.2. Thiocyanate. Early interest in the thiocyanate
(SCN−) anion was stimulated by the prospect of its
substitution for I− in the 3D MAPbI3 structure and possible
beneﬁt to stability.547,548 Subsequent studies on single crystals
conclude that, rather than substituting for I− in MAPbI3 (to
any signiﬁcant degree), SCN− induces a layered structure with
chemical formula (MA)2PbI2(SCN)2.549 This structure is akin
to the 2D n = 1 member of the Ruddlesden−Popper series
(Figures 2 and 3), except that the SCN− ions reside at apical
sites in the lead-halide/pseudohalide octahedra, with iodine
ions occupying the equatorial (bridging) sites, thus accommodating the asymmetry of the SCN− ion.549 Ganose et al.550
suggest, based on DFT calculations, that this structure would
be more stable than the MAPbI3 system but that it should still
possess a band gap equivalent to that of MAPbI3, echoing the
claims of prior experimental reports. More comprehensive
studies reveal that the band gap of (MA)2PbI2(SCN)2 falls
above 2 eV, rather than at 1.6 eV, as previously claimed.551,552
Analysis of the discrepancy between the UV−vis and PL
spectra led to the discovery of eﬃcient generation of triplet
excitons in this material, with the lower energy phosphorescent
emission originating from the triplet population.552 Although
the wide band gap and large out-of-plane carrier eﬀective mass

of (MA)2PbI2(SCN)2 do not make it a particularly attractive
candidate for PV, it may ﬁnd other applications as an eﬃcient
triplet sensitizer.
Although the thiocyanate anion has not so far proven
particularly useful in substituting for I− as a signiﬁcant
component within 3D perovskites (or within successful device
structures), it can be usefully employed as an additive to boost
ﬁlm grain size and device performance.15,109,443,444 Ke et al.109
proposed a mechanism by which a small amount of Pb(SCN)2
(5 mol % relative to the targeted MAPbI3) can react with
MAPbI3 precursors to form gaseous products (e.g., HSCN and
CH3NH2) and leave behind a small amount of unreacted PbI2.
These gases may facilitate recrystallization of the nascent
perovskite crystallites as they evolve within the ﬁlm, leading to
large apparent grain size (>1 μm on average) (Figure 50,
panels A and B). There is no indication from either XPS or
FTIR of a signiﬁcant concentration of remnant SCN in the
ﬁlms, supporting the hypothesis of the loss of HSCN via vapor
phase evolution. Further, use of an excess of the lead salt
relative to the organic cation leads to a PbI2 cladding around
the surfaces of the grains (Figure 50B) that may passivate these
regions. This processing approach appears to apply beyond the
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less conformal ﬁlms prepared either by deposition from a 1:1
solution of MAI:PbI2 or a 3:1 solution of MAI:PbCl2. For the
thermal-annealing step, however, the presence of humidity
slows the crystallization process, yielding higher-crystallinity
ﬁlms as inferred from XRD measurements (note, however, that
this conclusion only applies to ﬁlms prepared using the Clcontaining precursor, while ﬁlms made from the pure iodide
precursor crystallize so quickly that diﬀerences in the kinetics
could not readily be observed.) It is, therefore, reasonable to
posit that water acts as a solvent for the perovskite precursors,
and the presence of water vapor thus tends to retard
crystallization at all steps of the deposition process. Under
this interpretation, humidity is, therefore, undesirable during
spin-coating, where a high level of supersaturation is desired to
yield a uniform ﬁlm, but desirable during annealing, where
slowing the pace of crystallization ultimately yields higher
crystallinity and presumably more defect-free ﬁlms.
It is interesting to note that the observations of Gao et al.423
regarding the eﬀects of humidity on perovskite crystallization
speed directly contradict those of Eperon et al.,422 who
demonstrate that humidity speeds up crystallization rather than
slowing it down. This discrepancy is especially puzzling since
the ﬁlms are prepared using essentially the same processing
recipe and also that equally plausible mechanisms can be
invoked to explain the observations (i.e., in the former,
solvating eﬀects of water vapor slow the reaction between the
precursors, while in the latter, ambient water vapor coordinates
to the excess organic halide and helps to remove it from the
ﬁlm). It is conceivable, however, that the discrepancy may arise
from diﬀerences in the ﬂow of the ambient atmosphere. In a
more stagnant environment, initial evolution of MA0 gas, HCl,
and/or MACl might build up a high partial pressure of these
species in the immediate vicinity of the ﬁlm, retarding further
escape and, therefore, also slowing perovskite formation. In a
higher-ﬂow atmosphere, the excess organic halide can be more
eﬃciently removed, allowing more rapid crystallization to
occur. However, such details are diﬃcult to measure accurately
and are frequently omitted from experimental descriptions.
This example further highlights the diﬃculty in establishing,
based on device results, whether a proposed processing change
is a generally important improvement or whether the change
simply improves the device performance for a very speciﬁc set
of experimental conditions.
For two-step MAPbI3 ﬁlm deposition methods, humidity
appears to inﬂuence the crystallization in a diﬀerent way.
Gangishetty et al.555 show that the crystallite size in asdeposited MAPbI3 thin ﬁlms increases with increase in
humidity. At low relative humidity, small cubic crystallites
with large gaps between them are formed, while at higher
humidity, larger perovskite crystals with better connectivity are
observed. A mechanistic study by Xu et al.556 suggests that
moisture activates the reaction between PbI2 and MAX, which
facilitates the formation of phase-pure MAPbI3, and also allows
the tailoring of the crystallization kinetics. Furthermore, Jeong
et al.557 have found that humidity also inﬂuences the solution
deposition of stacked MAI and PbI2 layers and thus the ﬁnal
morphology of MAPbI3 ﬁlms after the precursor interdiﬀusion
reaction.
The processing of FAPbI3 thin ﬁlms fabricated by solvent
engineering also depends on humidity, as shown by Wozny et
al.437 The relative humidity strongly aﬀects the morphology of
the as-formed FAPbI3 ﬁlms. A controlled low humidity
environment contributes to the formation of compact,

MAPbI3 system, with similar results having been obtained for
FA-based compositions as well.443,444,553
Thiocyanates need not be introduced as a lead salt. One of
the disadvantages of the approach described above is that
introduction of SCN is intrinsically linked to added Pb.
Therefore, the amount of SCN that can be added will be
limited by the level of PbI2 incorporation that can be tolerated
within the ﬁlm before this secondary phase degrades ﬁlm
structure/performance. Han et al.15 recently demonstrated that
large apparent grain size, compact spin-cast MAPbI3 ﬁlms can
be attained through the use of a much larger (tens of mol %
excess relative to the targeted MAPbI3) addition of MASCN
(Figure 50C). Furthermore, this desirable microstructure can
be formed entirely at room temperature, with only a simple
vacuum drying step necessary after the deposition to drive oﬀ
the residual solvent and excess MASCN, which most likely
decomposes into gaseous HSCN and CH3NH2 (another
prospective pathway leads to CH3SCN and NH3) under the
inﬂuence of the vacuum.15 While there is no heating involved
in the process, the presence of SCN− ions in the precursor
solution leads to the formation of large aggregates whose size
directly correlates with the apparent size of the grains in the
ﬁnal ﬁlm, suggesting that these aggregates transform into the
grains during deposition and vacuum treatment (Figure 50D).
PSCs produced by this method exhibit PCE exceeding 18%,
likely owing to the high crystallinity of the ﬁlm as well as long
carrier lifetime (∼1 μs).
6.3. Other Additives for 3D Perovskites

6.3.1. Water and Aqueous Acids. Although exposure to
moisture is widely understood to be detrimental to Sn/Pbbased halide perovskites, a number of studies have investigated
the potential beneﬁcial impacts of water on perovskite ﬁlm
formation. Since the organic components (e.g., MA+ and FA+)
in hybrid perovskites are highly hygroscopic, humidity or
moisture can play a signiﬁcant role in their crystallization
processes. The eﬀect depends on the perovskite compositions,
their precursor phases, and the fabrication methods. Early
studies regarding the inﬂuence of humidity on perovskite
processing focused on the well-known Cl-containing precursor
solution containing a 3:1 molar ratio of MAI:PbCl2. Eperon et
al.422 performed a systematic study on the eﬀects of moisture
on the MAPbI3 thin ﬁlms derived from the chlorine-containing
precursor and found that higher humidity atmospheres allow
faster ﬁlm formation, leading to a tailored ﬁlm morphology and
signiﬁcantly improved PL properties, with higher VOC in
corresponding PSC devices. In a diﬀerent eﬀort, You et al.424
achieved MAPbI3 thin ﬁlms that exhibit a combination of
merits such as outstanding ﬁlm coverage, large apparent grain
size, high carrier mobility, and long carrier lifetimes. In these
two studies, it is highly likely that water vapor inﬂuences the
sublimation or decomposition of the MACl byproduct,
modulating the crystallization behavior of the ﬁnal MAPbI3
ﬁlm. This hypothesis is supported by the results of Cronin et
al.,554 who have studied the eﬀects of ambient humidity on the
optimum annealing time of MAPbI3 ﬁlms from Cl-containing
precursors and conclude that higher humidity accelerates
growth of the perovskite grains.
In the case of one-step processing of MAPbI3 ﬁlms, Gao et
al.423 determined that ambient humidity has separate eﬀects for
the spin-coating and annealing steps. They have concluded
that, for the spin-coating step, humidity can reduce the
supersaturation, resulting in reduced nucleation density and
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pinhole-free thin ﬁlms, whereas high humidity leads to pinhole
defects. These results are further supported by a later study by
Aguiar et al.,558 who have observed similar pinhole formation
when synthesizing FAPbI3 with moisture exposure using in situ
TEM (i.e., perhaps related to the eﬀect of humidity on the
nonperovskite-to-perovskite conversion kinetics during FAPbI3
processing). Humidity can also impact the perovskite
crystallization through synergy with other substances. For
example, Rong et al.280 have demonstrated a moisture-induced
transformation process of MAPbI3 for fabricating printable
mesoporous triple-layer PSCs. In this study, moisture
synergizes with an ammonium chloride (NH4Cl) additive in
the starting MAPbI3 precursor, forming an intermediate
CH3NH3X·NH4PbX3(H2O)2 (X = I or Cl) phase, which
converts to high-quality MAPbI3 crystallites with a preferred
tet(110) orientation after annealing.
Water can also be added directly to the precursor solution in
order to impact ﬁlm formation. For example, Gong et al.559
found that a 2% by volume mixture of water in DMF appears
to signiﬁcantly enhance the surface coverage of MAPbI3−xClx
prepared by the one-step spin-coating process, increasing
apparent grain size and reducing pinhole density. Wu et al.560
found that using a 2 wt % mixture of water in DMF enhances
dissolution of PbI2 for use in the two-step spin-coating process,
with large voids in the PbI2 precursor ﬁlms arising when too
little or too much water is used. The MAPbI3 ﬁlms
subsequently prepared from the optimal PbI2 recipe display
compact grains with large apparent size, while the discontinuities in the PbI2 ﬁlms prepared with too little or too much
water propagate to the ﬁnal MAPbI3 ﬁlms. A subsequent study
by Chiang et al.561 revealed that adding H2O to the MAI
solution as well further enhances the apparent grain size,
perhaps allowing the MAI to penetrate further into the PbI2
ﬁlm, or accelerating the perovskite synthesis reaction, as
proposed by Xu et al.556 Addition of water to the precursor
solutions in this manner combined with exposure of the PbI2MAI-H2O precursor ﬁlm to DMF vapor prior to the ﬁnal
anneal further enhance apparent grain size, while maintaining a
compact morphology. It thus appears that water can, in
appropriate concentration, eﬀectively contribute to “solvent
annealing” of the perovskite (as discussed in section 5.1.2),
improving the grain structure and possibly also healing bulk
defects. In all cases, however, the amount of water must be
tightly controlled in order to avoid detrimental eﬀects, as
excessive exposure leads to the familiar problems of ﬁlm and
device degradation.562
Water introduction may alternatively occur as a byproduct of
the addition of other species employed to aﬀect ﬁlm
processing. A notable category is acids, which are often
commercially supplied as aqueous solutions. Heo et al.563
added hydriodic acid to a precursor solution of MAPbI3
prepared by one-step spin-coating from DMF or DMSO
solutions, ﬁnding that uniform ﬁlms with good coverage can be
obtained, in contrast with the dendritic morphology typically
associated with this method when acid-free precursors are
used. While the authors attribute the success of this method to
the role of HI in preventing MAPbI3 decomposition, it is
possible that the uniform morphology can be obtained
because, analogous to the case of excess MAI, the acid donates
I− species that compete with the solvent for coordination to
dissolved Pb2+ and enable the formation of smaller, more
perovskite-like colloids,162 thus avoiding formation of the
dendritic ﬁlm structure induced by growth of perovskite-

solvent intermediates. A more recent study focusing on the
eﬀects of HI and HBr on the crystallization of FA0.83Cs0.17Pb(I0.8Br0.2)3 reaches a similar conclusion, ﬁnding that the
presence of hydrohalic acids can mediate the size and
dispersion of the colloidal species.164 As discussed in section
3.1.2, these species can serve as preferential nucleation sites by
lowering of the heterogeneous nucleation free energy (per eqs
5 and 6). On the basis of this observation, aging of the solution
is likely an important parameter. Insuﬃciently aged solutions
contain large populations of colloids, which lead to a high
density of nucleation sites and therefore to compact but
apparently ﬁne-grained structures. Increasing solution aging
allows the acid to slowly dissolve the colloids, leading to
sparser nucleation sites and apparently larger grains, although
those that have aged for too long evidently lead to pinhole
formation.164
Other acids can play a beneﬁcial role. Hypophosphorous
acid (H3PO2), used as a stabilizer in commercial solutions of
HI (a precursor used in the synthesis of MAI), has also been
reported to improve grain structure, luminescence, and device
performance, with beneﬁts ascribed to either more controlled
crystallization via Pb(H2PO2)2 intermediates564 or to suppression of electronic defects.565 In both cases, it is noted that
performance of PSCs suﬀers when ultrapure MAI is used as a
precursor (as obtained through puriﬁcation of the assynthesized MAI by recrystallization), suggesting that H3PO2
may serve a hidden function in other literature reports, in
which the ﬁlm deposition involves unpuriﬁed MAI (typically
made by reacting MA with HI containing a small amount of
H3PO2). Noel et al.566 found that addition of formic acid
(HCOOH) to DMF solutions of MAI and PbCl2 can dissolve
colloids, as in the case of hydrohalic acids, leading to more
uniform and more crystalline ﬁlms. Counterintuitively,
addition of HCOOH tends to drive the solution pH higher
rather than lower. This eﬀect is presumed to be a result of
acceleration of DMF hydrolysis (due to the presence of traces
of water) by the acid, yielding as products HCOOH and
dimethylamine (DMA). As DMA is a stronger base than
HCOOH is an acid, the pH rises. The presence of DMA is
thought to increase the solubility of the perovskite precursors
in the same way as MA0 gas, as discussed in section 4.1.1, and
Noel et al.566 have determined that bubbling DMA gas through
the solution has similar eﬀects on the colloid population as the
addition of HCOOH. An additional advantage of the use of
this relatively weak acid is that it does not introduce excess
halide or phosphorus into the ﬁlms, simplifying the processing
environment compared with other acids. Both MAPbI3−xClx
and (FAPbI3)0.83(MAPbBr3)0.17 devices processed using
HCOOH display high VOC; the latter reach 1.21 V,
corresponding to a VOC deﬁcit (= Eg/q − VOC) of 360 mV,
among the lowest values yet observed.566
6.3.2. Organic Molecules. Perovskite crystallization
processes can be strongly mediated by the presence of
molecular spectator species and associated intermediate
phases, besides the more ionic additives (as discussed in
other components of section 6) and solvent complexes (as
discussed throughout section 4). The great breadth and
diversity of organic molecules virtually guarantees that at least
some of them will, if used properly, play a beneﬁcial role, even
if they cannot be expected to participate in the perovskite
lattice due to large size and/or lack of suitable tethering
groups. Early reports focused on the use of alkyl halides to
mediate precursor-solvent interactions, with 1,8-diiodooctane
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bulk, favoring the more symmetric perovskite over the
nonperovskite structure.572
6.3.3. Quantum Dots. A ﬁnal means of controlling
crystallization of the 3D perovskite is to introduce quantum
dots (QDs) into the precursor solution to act as preferential
heterogeneous nucleation sites, whose size and distribution can
be used to tune the perovskite ﬁlm grain structure. Li et al.183
used MAI-capped PbS quantum dots to template ﬁlm growth,
with 1 wt % inclusion in the MAPbI3−xClx precursor solution
yielding an optimal morphology (i.e., apparently large,
compact grains). Along similar lines, Ngo et al.184 incorporated
PbS/CdS core/shell quantum dots into solvent-engineered
MAPbI3 ﬁlms, not only improving the apparent grain size but
also modulating the PL and electroluminescence spectra of the
QD-perovskite ﬁlms and LEDs constructed using those ﬁlms
(i.e., a broad infrared emission peak appears in addition to the
characteristic band-to-band luminescence of the MAPbI3
matrix). It should be noted that some of the grain growth
observed in the latter case may be due to the presence of Cd,
which may have leached out of the QD shell, as evidenced by
the telltale appearance of (MA)2CdI4514 in SEM images of the
perovskite ﬁlm structure. Overall, these results are intriguing,
as they point the way toward opportunities for fabrication of
more complex photonic and optoelectronic structures.

(DIO) found to improve the morphology and carrier
extraction of MAPbI3−xClx ﬁlms and PSCs, likely as a
consequence of improved solubility due to Pb chelation by
the additive (due to the Pb···I attraction). 567 These
conclusions were found to apply more broadly to a variety of
alkyl halides, with improved morphology and performance
extending to ﬁlms produced using the dichlorinated,
dibrominated, and diiodinated butane analogs of DIO.568
Strikingly, the additive can also inﬂuence the ﬁlm composition
since the halogens in the additive are relatively labile.
MAPbI3−xClx ﬁlms whose composition diﬀers in no important
way from those prepared using the conventional 3:1
MAI:PbCl2 stoichiometry could be obtained from mixtures
of MACl, PbCl2, and a large excess of 1,4-diiodobutane.568
In analogy to the solvent complexes discussed in section
3.1.2.1, Lewis acid−base interactions can also be used to
manipulate ﬁlm formation. Thiourea (TU) is a Lewis base and
can therefore coordinate to Pb, forming intermediates that
appear to signiﬁcantly enlarge the grains of MAPbI3569 and
FAPbI3570 ﬁlms, although the exact mechanism remains
obscure. The perovskite-TU aﬃnity can even be used to
synergistically insert Cu(TU)I adducts into grain boundaries
via the solvent engineering method, by codissolving CuI and
TU along with the perovskite (in this case MAPbI3−xClx)
precursors.571 It is proposed that the perovskite grains are then
clad in a coating of the Cu(TU)I adduct, which behaves
similarly to CuI in terms of electronic properties, prospectively
creating a bulk heterojunction between the intrinsic or n-type
perovskite and the p-type Cu(TU)I coating. This coating also
evidently passivates the grain boundaries, both reducing the
trap density and moving their energetic location further from
midgap, as inferred by admittance spectroscopy. This
hypothesis is supported by compositional measurements, for
example, inductively coupled plasma atomic emission spectroscopy and FTIR, that indicate the presence of Cu and
thiourea in the ﬁlm, respectively, and EDS measurements that
indicate that Cu is localized in the grain boundaries, although it
is not unambiguously proven that Cu(TU)I survives as the
original adduct or decomposes upon incorporation into the
ﬁlm. Another Lewis base, ascorbic acid (AA), can be useful not
for the inﬂuence it has on grain growth but as an antioxidant in
Sn-containing perovskites. Xu et al.36 found that ambient
stability of low-band gap MA0.5FA0.5Pb0.5Sn0.5I3 perovskites can
be improved by AA incorporation, leading to high-detectivity
(>1012 Jones) near-infrared photodetectors and high PCE
MAPb0.5Sn0.5I3 PSCs.507 For both types of devices, AA appears
to serve as a more eﬀective antioxidant than the commonly
used additive SnF2. This observation may prove to be an
exciting development in improving the viability of Sn-based
perovskite ﬁlms and devices.
Finally, the CsPbI3 perovskite phase has also been reported
to be stabilized by the addition of sulfobetaine zwitterions,
which signiﬁcantly reduces the apparent grain size relative to
pristine CsPbI3 for ﬁlms prepared by the solvent engineering
process.572 Dynamic light scattering measurements indicate
that the zwitterions interfere with the PbI2-DMSO interaction,
leading to the formation of much smaller colloidal particles
that result in the deposition of a practically amorphous ﬁlm. As
in the case where HI is added to the CsPbI3 precursor solution
(see section 6.2.1.2),114 the smaller grains induced by the
presence of the zwitterions may be more stable as a result of
increased importance of the surface free energy relative to the

6.4. Low-Dimensional Perovskites

6.4.1. Low-Dimensional Hybrid Perovskites/Large
Organic Cation Incorporation. While 3D perovskites (i.e.,
those whose crystal structure exhibits three-dimensional
connectivity of the metal halide octahedra) are the most
actively studied systems for ﬁlm deposition and device
integration, layered perovskites (section 2.1; Figures 2 and
3) oﬀer much greater ﬂexibility for materials design (i.e., ability
to incorporate larger and potentially functional organic
cations) and provide unique opportunities and challenges for
ﬁlm deposition. In the case of particularly large organic
moieties, their disparate chemical nature relative to the
inorganic framework requires the application of unconventional deposition methods that can blend the structural
components yet avoid damage to the organic part (e.g., see
section 4.1.6). As observed in sections 2.1 and 2.3.2.2, one of
the more general challenges associated with the layered
perovskites is the control of crystallographic orientation such
that the layers are either vertical or horizontal with respect to
the substrate (for applications or measurements where charge
transport is important). In PSCs, for example, since current
collection occurs in a direction perpendicular to the substrate,
the most eﬀective conﬁguration would be for the perovskite
layers to orient perpendicular to the substrate.
Use of the quasi-2D Ruddlesden−Popper phases rather than
the purely 2D compositions oﬀers one pathway for addressing
crystallographic orientation within deposited ﬁlms, as more
3D-like structures are less likely to prefer a conﬁguration in
which the perovskite layers lie ﬂat relative to the substrate. Cao
et al.70 observed that, for (BA)2(MA)n‑1PbnI3n+1 ﬁlms produced
by one-step spin-coating, only for the purely 2D structure (n =
1) do the perovskite layers lie completely ﬂat on the substrate,
with XRD patterns displaying only the (00l) reﬂections. As n
increases, crystallite growth perpendicular to the layers
becomes increasingly favorable due to the growing inﬂuence
of the MA cations. For n = 2, the “oﬀ-axis” XRD peaks are only
barely visible but are completely dominant for larger values of
n, indicating predominantly vertical orientation of the layers.70
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Figure 51. (A) Top-surface SEM image and (B−D) CL maps of a spin-cast “n = 2” (PEA)2MAPb2I7 thin ﬁlm, displaying luminescence from (B) n
= 1, (C) n = 2, and (D) large-n Ruddlesden−Popper phases, thereby demonstrating the phase impure nature of the ﬁlm. Adapted from ref 72.
Copyright 2017 American Chemical Society.

Tsai et al.73 compared the X-ray diﬀraction and scattering
patterns of spin-cast (BA)2(MA)3Pb4I13 (n = 4) ﬁlms, ﬁnding
that although the perovskite grains are randomly oriented
when fabricated on room-temperature substrates, hot-casting
(as discussed in section 4.1.1) enables the formation of
strongly oriented ﬁlms with layers perpendicular to the
substrate and provides for eﬃcient conduction of current
across the plane of the ﬁlm. Chen et al.152 have proposed that
the vertical layer orientation in these materials originates from
heterogeneous nucleation of the grains at the liquid−gas
interface, rather than at the liquid-substrate interface, or
homogeneously within the solution. This interpretation is
driven by observations of crust formation over the surface of a
drop of precursor solution as it dries on a hot plate, indicating
that solution supersaturation occurs predominantly near the
surface and providing for an independence of the crystallization behavior with regard to substrate type (even including
mesoporous substrates).152 Obtaining the vertical perovskite
layer orientation using nominal n = 4 compositions has thus far
been a fairly successful strategy for the fabrication of PSCs with
enhanced moisture/environmental stability, although their
PCE still lags that of the 3D perovskites by a considerable
margin.73,573−576
It should be noted that the nominal target compositions of
the Ruddlesden−Popper perovskites (speciﬁed by the layer
number n) typically do not accurately reﬂect the actual phases
present in the resulting ﬁlms. Often, these compositions are
targeted by blending the precursors in the desired
stoichiometry prior to deposition; yet, the ﬁlms so obtained
contain inclusions of Ruddlesden−Popper perovskites of other
layer thicknesses (higher or lower n).31,72 The distribution of
such phases can be especially important for device operation as
their relative band alignment favors funneling of excited
carriers to the phase with the lowest band gap.31 Photo- and
electroluminescence of such mixed-phase thin ﬁlms may be
“contaminated” or even dominated by contributions from
phases with diﬀerent n relative to the target phase. In this
regard, the luminescence of Ruddlesden−Popper perovskite
ﬁlms can be a more sensitive phase composition determination
approach than techniques such as XRD, which can be
misleading (due in part to the changing preferred orientation
as n increases). For example, a recent report by Tsai et al.577
indicates that phase-pure (BA)2(MA)n‑1PbnI3n+1 Ruddlesden−
Popper ﬁlms can be obtained by dissolving presynthesized
single crystals of the desired composition in DMF and hotcasting the resulting solution as described in section 4.1.1.
However, the resulting ﬁlms are evidently not phase-pure, as
their electroluminescence spectra possess multiple peaks in
some cases. Moreover, the positions of these peaks disagree

with earlier work by Stoumpos et al.,578 who performed PL
measurements on (BA)2(MA)n‑1PbnI3n+1 single crystals and
found the resulting spectra to possess single, sharp, and welldeﬁned peaks. With the assumption that the data obtained
from the single crystals are representative of a truly phase-pure
material, reconciling the above results indicates that the “n = 2”
ﬁlms are dominated by luminescence from phases corresponding to n = 3 and 4, while higher-n ﬁlms are mostly dominated
by luminescence from n > 4. Although the XRD patterns are
dominated by peaks of the desired phase, even small inclusions
of the lower-band gap phases that are below the threshold of
detection by XRD can have a large eﬀect on the luminescence
due to the carrier funneling eﬀect described by Yuan et al.31
Stoumpos et al.578 have also noted that, in order to obtain a
high yield of corresponding (BA)2(MA)n−1PbnI3n+1 single
crystals, it is necessary to use a deﬁciency of BA in the
starting solution, due to the diﬀerent solubility characteristics
of the 3D and 2D perovskite components. In view of these
results, it is not surprising that spin-coating solutions prepared
by dissolution of single crystals might not yield phase-pure
ﬁlms and that achieving such ﬁlms might require ﬁner control
over the stoichiometry as well as careful attention to the impact
of a given combination of precursors and solvents. Note that
while photo- and electroluminescence measurements can be
useful at detecting the presence of contaminant phases, they
are bulk-averaged measurements and do not help to unravel
the microstructural details. However, Cortecchia et al.72 have
perf ormed SEM/CL measure ments on “n = 2”
(PEA)2MAPb2I7 ﬁlms spin-cast in a single step from a
DMSO solution, and found that, although the grains are
dominated by luminescence from the true n = 2 phase, the
surfaces are decorated with regions corresponding to other
values of n (Figure 51). While detailed mechanistic insight into
how diﬀerent growth conditions promote a diﬀerent phase
distribution was not probed in this study, it serves as a useful
proof-of-concept for further exploration of CL mapping as a
tool for understanding these phenomena.
Although the layered hybrid perovskites represent an
interesting area in their own right, incorporation of the large
organic cation can be beneﬁcial even in very small amounts
that do not substantially perturb the 3D structure, not only
because the hydrophobicity of commonly used functional
groups such as alkyl chains or aromatic rings can protect the
structure from attack by moisture579,580 but also by suppressing
ion-migration and stabilizing the overall structure. These
beneﬁcial eﬀects appear to remedy many of the problems
aﬄicting the various perovskite family members. Stability of
MAPbI3 ﬁlms against damp heat has been reported to improve
with ethylammonium (EA+) alloying, without signiﬁcant
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impact on the grain structure, along with a substantial boost to
the carrier lifetime, from 300 to 2000 ns.581 Wang et al.582 have
also found that MA-EA alloying does not substantially alter the
grain structure but in this study the additive appears to degrade
PV performance at all levels investigated. Chen et al.583
observed that addition of small amounts of PEA into the
MAPbI3 precursor solution results in ﬁlms and PSCs in which
the presence of PEA is hardly detectable, except by somewhat
ambiguous changes in infrared absorption spectra, yet the ﬁlms
are much more resistant to hysteresis and humidity-induced
degradation compared to the pristine MAPbI3 ﬁlms. The
authors attribute this eﬀect to the formation of a 2D
(PEA)2PbI4 cladding around the MAPbI3 grains, protecting
against moisture ingress and inhibiting iodide migration.
Amino acid halides have also found use in improving the
environmental stability of MAPbI3 ﬁlms and PSCs, particularly
in the all-mesoporous architectures discussed in section 4.1.5
[e.g., 5-ammoniumvaleric acid iodide (5-AVAI)], have been
employed to improve carrier lifetime and better anchor the
perovskite to the mesoporous scaﬀold.278 The reported
beneﬁts of the amino acid may also be due in part to the
formation of a phase mixture of 2D (incorporating the large 5AVA+ cation) and 3D perovskites, wherein the former can help
to passivate interfaces and also protect the latter against
damage by moisture ingress. Solar modules using the allmesoporous architecture and 5-AVAI additive are able to
maintain their PCE for over a year in ambient conditions
without any evidence of degradation.584 As noted in section
6.2.3.1, Xiao et al.542 demonstrated that reduction of apparent
grain size by addition of excess BAI and/or BABr could play an
especially important role in mixed iodide-bromide ﬁlms (i.e.,
the smaller grain size reportedly leads to a signiﬁcant reduction
in light-induced phase-segregation into iodide-rich and bromide-rich regions).
Large organic cations can also allay phase instability in both
FA- and Cs-based perovskite ﬁlms (as discussed in section
6.2.1). Li et al.580 found that inclusion of PEA (∼5 mol %) in
the FAI solution used in the two-step spin-coating process
prevents reversion of α-FAPbI3 to the nonperovskite phase in
ambient air with 40% relative humidity, presumably by a
similar mechanism to that described earlier involving PEA
localized at grain boundaries. Incorporation of PEA not only
allows the ﬁlm to become more moisture resistant but also may
provide an inherent stabilizing force against the layer
translation necessary to convert FAPbI3 to the nonperovskite
phase.580 PEA also appears to improve the crystallinity of the
FAPbI3 perovskite, as inferred from a boost in the intensity of
the XRD patterns upon its addition.580 Similarly, Fu et al.585
found that PEA- and oleylamine (OA)-derived cations both
stabilize perovskite phases of CsPbI3, although OA induces the
formation of the cubic α-CsPbI3 perovskite phase while PEA
appears to favor a slightly distorted orthorhombic β-CsPbI3
perovskite phase (Figure 52A). These cations additionally
improve the ﬁlm morphology considerably. The pure,
nonperovskite CsPbI3 ﬁlm is highly discontinuous, but the
OA- and PEA-alloyed ﬁlms comprise compact grains with
small apparent size (although some pinholes are still present in
the former ﬁlm), as shown in Figure 52 (panels B−D). The
OA- and PEA-alloyed ﬁlms display good phase stability when
encapsulated samples are stored in air over a period of 4
months, with no sign of degradation in the XRD pattern and
UV−vis spectrum of the PEA sample and with only very
minimal loss in absorbance for the OA sample.585 Zhang et

Figure 52. (A) XRD patterns of pristine, OA, and PEA-stabilized
CsPbI3. Corresponding top-surface SEM images of (B) pristine, (C)
OA-stabilized, and (D) PEA-stabilized CsPbI3 thin ﬁlms. Insets:
photographs of the respective thin ﬁlms. All scale bars 1 μm. Adapted
from ref 585. Copyright 2017 American Chemical Society.

al.586 have also found that addition of the divalent en2+ cation
can both lower the formation temperature as well as stabilize
the perovskite phase of CsPbI3, possibly as a result of apparent
grain size reduction and improved intragranular cohesion as a
result of cross-linking behavior provided by the en2+ cation.
Alloying of the large organic cations can also be employed to
protect the Sn-based perovskite ﬁlms against oxidation. Cao et
al.499 found that PSCs prepared using the Ruddlesden−Popper
(BA)2(MA)2Sn4I13 perovskite ﬁlms are signiﬁcantly more
stable in air than analogous MASnI3 ﬁlms/devices, presumably
due to the increased hydrophobicity (and therefore resistance
to moisture ingress) of the ﬁlms due to the presence of the BAcation alkyl chains. Ruddlesden−Popper perovskites,
(PEA)2(FA)n−1SnnI3n+1, formed using a PEA:FA ratio of 20%
in the precursor solution, also appear to be more stable than
pristine FASnI3 ﬁlms, with less Sn4+ evident in the former’s
XPS spectrum as well as considerably more stable PSC
performance.492 This eﬀect may be partly attributable to an
intrinsically higher enthalpy of decomposition by oxidation of
the system as the layer number n decreases (i.e., more 2D
systems are more stable). However, the improved stability may
also arise because addition of PEA induces the growth of a
smoother, more tightly packed grain structure (compared to
the 3D system) that more eﬃciently resists ingress of oxidizing
species, in addition to the protection conferred by the
hydrophobic phenyl rings.492 Even smaller amounts of the
large organic cation can be beneﬁcial. As noted in section
6.2.2.1, Shao et al.495 observed that 8−12 mol % replacement
of FA with PEA in the (PEA)2(FA)n−1SnnI3n+1 precursor
solution appears to “fuse” grain boundaries, possibly
obstructing diﬀusion channels that would otherwise form
along them, although larger amounts lead to pinhole
formation. Accordingly, PSCs prepared using 8 mol % PEA
outperform the pristine FASnI3 in all device performance
parameters, as well as stability.
6.4.2. Low-Dimensional All-Inorganic Perovskites.
While low-dimensional perovskites formed by the addition of
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Figure 53. (A) Schematic illustration of the two-step evaporation method used to deposit low-dimensional all-inorganic perovskite thin ﬁlms.
Adapted from ref 590. Copyright 2018 American Chemical Society. (B) Top-surface SEM images of the microstructures of Cs3Sb2I9 obtained by
this method: (B) as-deposited ﬁlm and (C−E) coarsened microstructure under various annealing conditions. Adapted from ref 589. Copyright
2015 American Chemical Society.

compensated by adding SbI3 to the toluene antisolvent, which
also improves ﬁlm coverage. In the two-step vapor deposition
approach, one or both of the precursors are thermally
evaporated in the ﬁrst step and the resulting ﬁlm is thereafter
annealed in an atmosphere of the more volatile halide (e.g.,
SbI3 or BiI3), as shown in Figure 53A. The approach further
beneﬁts from the fact that the inorganic components of the
layered perovskites are unlikely to thermally decompose at the
temperatures used for annealing. Saparov et al.589 reported that
Cs3Sb2I9 thin ﬁlms with large apparent grain size (Figure 53,
panels B−E) could be obtained by coevaporating CsI and SbI3
and thereafter annealing the resulting ﬁlm at ∼300 °C in SbI3
vapor (in a nitrogen-ﬁlled glovebox). In this manner, quick
reaction of the precursors yields ﬁlms with large and compact
grains. Importantly, relatively random crystallographic grain
orientation, such that cross-plane transport is not compromised by the directions with unfavorable electrical mobility,
can be obtained by depositing only CsI during the thermal
evaporation step and thereafter annealing in preheated SbI3
vapor.589 The details of the vapor annealing process play a

large organic cations tend to be the most heavily studied, allinorganic compositions have also been pursued. These
structures require (and accommodate) somewhat diﬀerent
processing approaches than those typically used for the hybrid
perovskites. Strictly inorganic precursors tend to behave
somewhat diﬀerently than organic-based analogs; for example,
CsI is relatively insoluble compared even to PbI2, as noted in
section 6.2.1.2, while many of the other metal halide precursors
involved in the formation of lower-dimensional perovskites
(e.g., SnI4, SbI3, BiI3, TiBr4) are comparatively volatile. Thus,
sequential or two-step vapor deposition techniques (similar to
those discussed in sections 4.2.3 and 4.2.4) may be more
attractive for this class of materials than solution-based
methods, although there are some reports of ﬁlm synthesis
via these latter techniques. For example, Park et al.587
deposited Cs3Bi2I9 ﬁlms (with dimer nonperovskite rather
than layered perovskite crystal structure) by single-step spincoating, although the coverage was not especially uniform.
Harikesh et al.588 deposited the layered perovskite Rb3Sb2I9 by
a solvent-engineering recipe, wherein loss of volatile SbI3 was
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ﬂat substrate. This diﬀerence may lead to a shift in the
energetics of the excitonic transition, accounting for the blue
shift in the optical spectra.413 Listorti et al.88 suggest that the
crystal structure of perovskite inﬁltrated into the mesoporous
structure diﬀers from perovskite deposited on planar substrates
regardless of substrate chemistry (also noting a familiar blue
shift in the mesoporous perovskite) and that the diﬀusion
length in the former is inferior to that in the latter. As observed
in section 3.3, crystallization within the pores of the scaﬀold
can lead to tensile strain within the perovskite grains,87
providing an alternate possible explanation for the modiﬁcation
of the optical properties of the mesoporous ﬁlms.
The morphology of the capping layer itself, however, can be
inﬂuenced by the mesoporous layer. The higher surface area
available on mesoporous substrates is claimed to lead to a
higher density of nucleation sites, leading to enhancement of
coverage but also reduction in grain size, an eﬀect that carries
over into the capping layer (the grain size within the pores
themselves is obviously limited by the average pore
size).87,163,595 In alignment with this observation, greater
scaﬀold porosity leads to smaller grains in the capping layer,
again presumably because the greater density of nucleation
sites stimulates more heterogeneous nucleation.595 The
dimensionality of the component nanostructures within the
mesoporous framework can also inﬂuence grain size, with
nanoparticles leading to ﬂatter surfaces and fewer nucleation
sites and therefore larger apparent grain size, and nanowires
leading to rougher surfaces, higher nucleation densities, and
smaller apparent grain size.596 The thickness of such nanowire
layers also appears to have an impact (i.e., greater thickness of
the mesoporous nanowire layer leads to higher nucleation
density for nanowires and hence smaller apparent grain size),
despite a roughly constant capping layer thickness.597 This
eﬀect may, however, be more related to the increased structural
complexity of the nanowire network, rather than any direct
eﬀects pertaining to thickness. Pascoe et al.598 observed that
the texturing of the capping layer can be sensitive to both the
nature of the substrate as well as precursor solution
concentration, ﬁnding that rough although mostly conformal
MAPbI3 layers could be obtained via the gas-quenching
technique, when depositing high concentration solutions on
mesoporous TiO2 substrates. Curiously, this eﬀect appeared to
be speciﬁc to the above set of experimental parameters and
could not be duplicated when using low-concentration
precursors, a planar substrate, or a mesoporous Al2O3 scaﬀold,
which yielded instead a ﬂatter, compact morphology characteristic of typical ﬁlms produced by solvent engineering or gasquenching. This result may reﬂect a particular aﬃnity between
the perovskite and TiO2, wherein the perovskite growth is
more closely templated by the TiO2 than analogous Al2O3;
however, this diﬀerence was left largely unexplored.
A mesoporous scaﬀold may be a particularly advantageous
substrate for 2D perovskites. The isotropic nature of the pore
network should allow the perovskite grains to crystallize
without any preferred orientation with respect to the layer axis,
thus mitigating their tendency to present a barrier to electric
current across the plane of the ﬁlm, as discussed in section 2.1.
Indeed, Safdari et al.599 show that alkyldiammonium lead
iodide perovskite ﬁlms (alkyl groups: butyl, hexyl, and octyl)
spin-coated onto mesoporous TiO2 substrates exhibit XRD
patterns resembling the powder patterns of the equivalent
ground bulk materials, as opposed to the group of evenly
spaced peaks characteristic of a single set of crystallographic

critical role in obtaining an optimized ﬁlm. The annealing
temperature dictates the grain size and ﬁlm continuity (Figure
53, panels B−E), with too low of a temperature leading to
small apparent grain size and too high of a temperature
inducing pin holes. Quenching the ﬁlm at too high of a
temperature may result in loss of SbI3 from the ﬁlm (especially
the surface region), while cooling the ﬁlm to near ambient
temperature before removing from the SbI3 atmosphere may
result in unwanted condensation of excess SbI3 on the ﬁlm
surface. The optimal procedure reportedly involves cooling the
ﬁlm to 200 °C, followed by quenching.589 Khazaee et al.590
have also reported that a variant of this process can be used to
grow ﬁlms of Rb3Bi2I9 (as well as the 3D nonperovskite
AgBi2I7), wherein a postanneal under BiI3 vapor appears to
substantially enlarge the grains relative to the as-deposited
ﬁlms produced by coevaporation, without leading to pinhole
formation. The two-step approach has also been used for
“zero-dimensional” (BX6 octahedra are completely isolated
from one another) perovskites including Cs2SnI6591 and
Cs2TiBr6.538 Annealing thermally evaporated CsI ﬁlms in
SnI4 vapor at 190 °C yields phase-pure Cs2SnI6 ﬁlms with a
compact grain structure, which is challenging to achieve by
solution methods due to the low solubility of the precursors in
common polar solvents.591 Chen et al.538 applied similar
methods to the synthesis of Cs2TiBr6, annealing thermally
evaporated CsBr thin ﬁlms in TiBr4 vapor at 200 °C for 24 h.
By doing so, they obtain ﬁlms with compact grain structure
and PL lifetime of ∼24 ns.

7. SUBSTRATE-PEROVSKITE INTERACTIONS
An important factor in determining the growth of a thin ﬁlm is
the substrate, which not only inﬂuences wetting or distribution
of the precursors but also can perform chemistry on the ﬁlm
during or after its formation, thereby aﬀecting electrical
properties and morphology. The substrate choice can,
therefore, have profound eﬀects on the needs for successful
ﬁlm deposition and on the ultimate ﬁlm properties or device
performance. The need to understand substrate−ﬁlm dynamics
is especially acute in the case of the halide perovskites, as their
facile reactivity can lead to unexpected interactions with the
substrate.
7.1. Impact of Substrate on Film Nucleation and Growth

7.1.1. Eﬀects of Substrate Geometry. One key factor
inﬂuencing substrate−ﬁlm interaction during ﬁlm growth
relates to the choice of planar versus mesoporous substrate
conﬁguration (e.g., in the design of a solar cell, LED, or other
device architecture, as discussed in section 2.2). An important
ongoing question regarding the mesoporous architecture
revolves around whether the perovskite is the same within
and outside of the pores (i.e., as in a capping layer overlying
the mesoporous layer or as in a distinct active layer on a planar
substrate). Early studies indicated that MAPbI3 inﬁltrated
within mesoporous TiO2 is largely amorphous (although aging
improves crystallinity)592,593 yet possesses strong PL when
compared with an analogous bulk perovskite sample, in
addition to yielding a blue shift of the absorption onset.592 A
blue shift in the absorption and PL spectra for perovskite
conﬁned in mesoporous Al2O3 scaﬀolds relative to that grown
on a ﬂat substrate has also been observed.413,594 An
explanation oﬀered for this phenomenon is that the
mesoporous structure induces a random ordering of the MA+
cations, which are otherwise consistently more ordered on a
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Figure 54. (A) Schematic illustration of the formation of microstructured oxide scaﬀolds: the oxide precursor is deposited onto a monolayer of
polystyrene spheres, then calcined to burn oﬀ the spheres, leaving behind a honeycomb-like network of the oxide. Top-surface SEM images of
nanostructures: (B) hexagonal arrangement of polystyrene sphere monolayer, (C) ﬁnal TiO2, and (D) SiO2 nanostructures. (E and G) Top-view
and (F and H) cross-sectional SEM images of MAPbI3−xClx deposited onto the scaﬀold using (E and F) 20 and (G and H) 40 wt % precursor
solutions. Reprinted with permission from ref 601. Copyright 2015 Royal Society of Chemistry.

perform better than those fabricated on planar PEDOT:PSS
layers. Hu et al.606 ﬁnd not only that light harvesting is
improved in PSCs based on micropatterned PEDOT:PSS, as
for analogous TiO2 layers, but that such PEDOT:PSS ﬁlms
also display enhanced ﬂexural robustness, enabling the
production of ﬂexible PSCs with superior performance and
longevity.
7.1.2. Eﬀects of Surface Chemistry. Perovskite-substrate
interactions can be highly important in inﬂuencing ﬁlm
nucleation. Given that the perovskite precursors will only
dissolve in highly polar solvents, which have a strong aﬃnity
for hydrophilic surfaces, substrate surface energy may
modulate perovskite nucleation. Yang et al.,607 for example,
tuned the wetting properties of SnO2 by depositing a selfassembled aminosilane monolayer on top of it. By itself, UVtreated SnO2 is highly hydrophilic, but deposition of the
monolayer increases the contact angle, allowing for an increase
in the apparent grain size of perovskite ﬁlms deposited on the
treated substrates.607 Singh et al.608 observed that treating the
TiO2 surface with potassium bis(triﬂuoromethanesulfonyl)imide (K-TFSI) greatly increases the apparent grain size of
triple-cation perovskite ﬁlms prepared by solvent engineering.
The larger grains may arise from enhanced substrate-perovskite
bonding enabled by residual sulfate groups left on the TiO2
surface, although further investigation is needed to explore the
details of this mechanism.
Some care must be taken in choosing a substrate or surface
modiﬁcation, as an excessively hydrophobic surface may
preclude deposition of the perovskite altogether or at least
induce signiﬁcant dewetting that leads to pinhole or void
formation. Lee et al.609 encountered such problems when
depositing MAPbI3 on poly(N,N′-bis(4-butylphenyl)-N,N′bis(phenyl)benzidine) (poly-TPD), a hydrophobic HTL,

planes parallel to the perovskite layers. Similarly, Sanehira et
al.600 have demonstrated that (BA)2PbI4 ﬁlms with signiﬁcant
vertical orientation of the layers can be grown on TiO2
nanowire substrates. These reports illustrate that mesostructured substrates may prove useful for improving the
functionality of 2D perovskite devices for which good crossplane charge transport is necessary.
A more extreme example of the use of a microstructured
layer to template the growth is provided by Hörantner et al.,601
who patterned a semiperiodic honeycomb-structured mesoporous layer (TiO2 or SiO2) by ﬁrst depositing a monolayer of
polystyrene (PS) spheres (diameter ∼1 μm) followed by the
metal oxide precursor, then sintering the structure at 500 °C to
burn oﬀ the organic components, leaving the metal oxide
behind (Figure 54, panels A−D). The perovskite is then
inﬁltrated into the network by one-step spin-coating from a 3:1
solution of MAI:PbCl2 in DMF (Figure 54, panels E−H).
Semitransparent PSCs using such SiO2 and TiO2 microstructures perform favorably relative to those with a planar
structure and a noncontinuous perovskite layer (allowing light
transmission through the voids in the ﬁlm), since it maintains
transparency without shunt path formation between the HTL
and ETL.601,602 Similar success has been achieved using an
anodized Al2O3 layer with pillar-shaped cavities into which the
perovskite is inﬁltrated.603 Zheng et al.604 noted an added
beneﬁt, in that such TiO2 microstructures could also reduce
reﬂective losses in PSCs. This technique can also be applied to
patterning of organic transport layers. The PS spheres can be
dispersed in PEDOT:PSS ink, which is then spin-cast onto the
substrate; the PS spheres are then removed from the ﬁlm by
washing with a nonpolar solvent.605 Zhang et al.605 ﬁnd that
perovskite ﬁlms fabricated on such ﬁlms display enhanced
crystallinity and apparent grain size and that associated PSCs
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note that these ﬁlms are fabricated not exactly by the hotcasting process described in section 4.1.1 but rather by singlestep spin-coating followed by a rapid hot plate anneal (10 s at
180 and 200 °C for MAPbI3 and MAPbBr3, respectively);613
this process nevertheless seems to lead to similar morphology
as preheating the substrate and solution. In the case of
MAPbI3, while these domains are referred to as grains, they are
probably not grains, as evidenced by their internal structure (as
discussed in section 4.1.1) and more likely arise from RayleighBénard convection cells.263 These cells may be present during
the anneal before the solvent (which contains DMSO in both
casesi.e., likely to persist within the ﬁlm after spin-coating) is
expelled from the ﬁlm during annealing. Optical microscope
images of MAPbI3 grown on uniform Si/SiO2 and Si/SiO2/Au
substrates indicate that the ﬁlms wet much more easily on the
former than the latter.613 Thus, the structure of the patterned
ﬁlms may arise from an outward ﬂow of the precursors away
from the Au dots toward the exposed oxide. It is more diﬃcult
to determine whether the domains equate to grains in the
MAPbBr3 ﬁlms, as they are more strongly faceted, smoother,
and possess much greater preferred orientation than the
analogous MAPbI3 ﬁlms.613 This behavior is consistent with
that described in section 6.2.3.1, in which it is typically much
easier to obtain large and well-faceted crystallites in MAPbBr3
than in MAPbI3. Despite the uncertainty regarding the ﬁlms’
true grain structure, these results are an interesting example of
how patterning of the substrate can be used to induce
topographical ordering of the overlying ﬁlm.
Vapor-deposited perovskite ﬁlm characteristics can also be
aﬀected by the substrate chemistry, as discussed in section
3.1.3. In a recent review, Á vila et al.195 note that, while MAPbI3
can form quickly and cleanly when deposited on organic
substrates such as polyethylenimine or PEDOT:PSS, an
interfacial buﬀer layer builds up on oxides, although the
nature of this layer is dependent on the individual chemistry of
the oxide. On MoO3 and ITO, OH groups may contribute to
MAI decomposition, reducing adhesion. On the (110) face of
TiO2, an MAI-rich buﬀer layer is reported to form, while on
ZnO the buﬀer appears to be PbI2-rich. This observation oﬀers
some implications for the tailoring of ﬁlm/device interfaces,
wherein the chemistry of the perovskite buﬀer layer can be
controlled (or removed altogether) by the application of thin
interfacial layers. However, more work remains to be done to
provide a concrete understanding of these relatively complex
growth processes and substrate−ﬁlm interactions.
7.1.3. Epitaxy. Although the halide perovskites are widely
renowned for their defect resistance, it can nevertheless be
advantageous to limit the opportunities for defect formation.
Epitaxial ﬁlm growth has proven to be crucial for the
fabrication of high-quality III−V optoelectronic devices and
thus may hold some promise for improvement of perovskite
ﬁlms as well, not only for the potential for fabrication of single
crystal thin ﬁlm devices but also for physical property
measurements less contaminated by the eﬀects of grain
boundaries or bulk defects. As discussed in section 3.1.1.2,
perovskite formation is typically assumed to occur via the
island/Volmer−Weber growth mechanism. However, suitable
choice of the substrate can instead promote layer-by-layer/
Frank-van der Merwe growth, facilitating the formation of
single-crystal thin ﬁlms. Wang et al.614 demonstrated epitaxial
growth of CsSnBr3 on the (100) face of a NaCl single crystal
by thermal coevaporation of CsBr and SnBr2, enabled by the
low lattice mismatch between these materials (a = 5.80 Å for

leading to signiﬁcant defects in ﬁlm continuity. Film
morphology was improved by inserting a nominally n-type
layer of poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-ﬂuorene)-alt-2,7-(9,9-dioctylﬂuorene)] (PFN), which possesses
both hydrophobic and hydrophilic functional groups, allowing
it to bind to the PTPD substrate as well as the perovskite. This
interlayer leads to complete coverage of the perovskite ﬁlm,
albeit with much smaller apparent grain size, as may be
expected from the increased probability of nucleation on the
substrate. Surprisingly, the n-type nature of the PFN interlayer
does not appear to interfere with hole extraction by the
HTL.609
The propensity of the perovskite to be excluded from
especially hydrophobic regions of the substrate can be an
advantage, and it has been exploited to form intricately
patterned thin ﬁlms. For example, Kagan et al.610 were able to
partition (PEA)2SnI4 ﬁlms by predepositing a pattern of alkylbased inks with head groups chosen to bond to the substrate
using a silicone stamp then spin-coating the perovskite
precursor on top (Figure 55, panels A−C). The perovskite

Figure 55. (A−C) Schematic illustration of complex feature
patterning by PDMS stamping and (D) optical microscope image
of (PEA)2SnI4 (light regions) on a ZrO2 substrate. Reprinted with
permission from ref 610. Copyright 2001 AIP Publishing.

deposits only where the substrate is left exposed, allowing for
the creation of complex patterns such as zig-zagged lines,
curves, and dots, with a micrometer-scale feature resolution
(Figure 55D). The patterned perovskite can then be used to
prepare low-leakage thin-ﬁlm transistors.610 Along similar lines,
Wu et al.611 lithographically patterned Al2O3 and hydrophobic
poly-TPD layers, such that MAPbI3 could be deposited only
inside a regular array of trenches in the Al2O3, and these ﬁlms
were integrated into semitransparent PSCs. Feng et al.612 used
a Si micropillar array with hydrophobic ﬂuorinated alkyl chains
on the sides of the pillars and bare Si top surfaces to grow
MAPbBr3 ﬁlms on only the latter. The resulting square
microplates could then be transferred to a substrate to form a
laser array with components of uniform size and controllable
spacing and distribution. Geske et al.613 have observed an
interesting eﬀect, wherein a regular microstructure can be
obtained in MAPbI3 and MAPbBr3 ﬁlms fabricated on Si/SiO2
substrates on which a square array of Au dots is deposited. The
dot spacing determines the structure of an array of perovskite
domains in the resulting ﬁlms, which resemble the morphology
obtained by typical hot casting methods but also inheriting the
regularity of the underlying Au dot pattern. It is interesting to
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Figure 56. Schematic illustrations of (A and B) growth of CsPbBr3 nanocrystals on a phlogopite mica substrate and (C) interfacial lattice
arrangement of the CsPbBr3 crystals relative to the hexagonal mica substrate. (D) Waveguiding behavior in the nanowires, as evidenced by PL
emission from the ends of the wires. (E−J) Top-surface SEM images of the nanowires grown for various durations. Given enough time, the
nanocrystals grow together and form a largely continuous thin ﬁlm. Adapted from ref 618. Copyright 2017 American Chemical Society.

Removal of the crystal surfaces/grain boundaries leads to an
increase in the PL lifetime from 0.47 to 30 ns when probed on
a single crystal ﬁlm rather than a discontinuous ﬂakelike ﬁlm
on NaCl substrates.615 In this study, a rapid shift of the PL
peak energy from slightly above the band gap to the band gap
over the ﬁrst few seconds after excitation is taken as evidence
of radiative recombination of hot carriers, putatively enabled
by the high crystal quality of the epitaxial ﬁlm.615 Additionally,
a small oscillation is seen in the TRPL decay curve of a
relatively thick ﬁlm, which may be an indication of the photoDember eﬀect,617 wherein the mismatched mobilities of the
photogenerated electrons and holes lead to a restoring dipole
electric ﬁeld as the carriers diﬀuse from the excitation point.
This ﬁeld induces a time-dependent oscillation in the joint
density of electrons and holes, and, therefore, also in the
radiative recombination rate. While more work may be
necessary to conﬁrm this hypothesis, it is clear that the high
quality of epitaxial single-crystal thin ﬁlms aﬀords unique
opportunities for the study of physical phenomena that might
otherwise be obscured by materials defects (although it should
be noted that apparent single crystal grains within epitaxial
ﬁlms may still contain defects such as twin boundaries and
substitutional defects from diﬀused substrate atoms).
While growth of epitaxial perovskite ﬁlms proceeds most
straightforwardly on substrates with similar structural motifs
(e.g., NaCl or SrTiO3), the use of other substrates with less
obvious structural connection to the perovskite can also yield
interesting results. Chen et al.618 investigated the CVD growth
of CsPbBr3 on mica. As a result of the large lattice mismatch,
CsPbBr3 does not easily form conformal ﬁlms but rather
prefers to form rodlike nanostructures comprising right
triangular prismatic crystals oriented with the (110) planes
parallel to the substrate and the (001) facets exposed (Figure
56, panels A−C) (note that these planes correspond to the

CsSnBr3 and 5.64 Å for NaCl, leading to a compressive
mismatch of −2.8%). High ionicity of the substrate appears to
be important in ensuring a strong bond with the ﬁlm, as
substrates with similar lattice mismatch but more covalent
bonding character, such as Ge or InP, lead to polycrystalline
rather than single-crystal thin ﬁlms (illustrating the challenge of
avoiding Volmer−Weber growth). In situ reﬂection of highenergy electron diﬀraction (RHEED) measurements of the
perovskite ﬁlm indicate that the growth method favors layerby-layer/Frank-van der Merwe deposition, providing additional evidence of the strong bond with the substrate.614
A similar study focused on the deposition of CsSnBr3 and
CsPbBr3 thin ﬁlms by chemical vapor deposition (CVD) onto
freshly cleaved NaCl crystals, ﬁnding that the greater lattice
mismatch from the latter compound leads to some notable
changes in the growth behavior compared to the Sn
compound.615 Optical microscope images indicate that
CsPbBr3 ﬁlms appear to favor Volmer−Weber growth, as
evidenced by a ﬂakelike microstructure for thinner ﬁlms. This
island growth mechanism need not impede the formation of
single-crystal thin ﬁlms, however, if it is well-controlled. For
slower nucleation rates, the orientation of these nanocrystalline
ﬂakes is heterogeneous, but increasing the nucleation rate leads
to a consistent orientation of the ﬂakes. Uniform severalmicrometers-thick ﬁlms without evidence of grain boundaries
can thus be obtained from the coalescence of the uniformly
oriented island crystallites, illustrating that Frank-van der
Merwe growth is not strictly necessary for the formation of
epitaxial ﬁlms. Note that similar Volmer−Weber growth has
also been observed for vapor-phase epitaxy of CsPbBr3 on
SrTiO3. In this case, continuous single-crystal thin ﬁlms were
recovered by increasing the growth temperature.616 These
single-crystal ﬁlms can serve as useful platforms for study of
photophysics, such as in-depth analysis of TRPL spectra.
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Figure 57. (A) Top-surface SEM image showing the formation of (MA)2CdI4 (circled in red) and PbI2 (bright rods/ﬂakes) in MAPbI3 ﬁlms
deposited on CdS. Adapted from ref 514. Copyright 2016 American Chemical Society. (B) Schematic illustration of electron blocking by insulating
(MA)2CdI4 near the MAPbI3/CdS interface.

by a mild anneal at 100 °C.620 The fullerenes are thought to
passivate grain boundaries and reduce the trap density there,
based on observations of a blue shift in the PL spectra of the
treated ﬁlms (signifying a reduction in shallow defects), as well
as results of thermal admittance and impedance spectroscopies.
Although the presence of fullerenes at grain boundaries has yet
to be conﬁrmed, it is possible that deposition of perovskite
onto a fullerene-coated surface followed by a conventional
anneal might allow similar beneﬁts to be reaped.

cubic CsPbBr3 phase). The crystals are distributed with
random position but a relatively coherent orientation that
reﬂects the hexagonal symmetry of the underlying mica
substrate, with most nanocrystals intersecting one another at
60° angles, as shown in Figure 56 (panels E−J). For suﬃciently
long growth times (∼1 day), the nanocrystal network will
eventually coalesce into a conformal ﬁlm, though it still retains
signiﬁcant roughness (Figure 56J). The nanocrystal networks
so produced display strong band-to-band PL as well as
waveguiding behavior, as evidenced by observations of PL
emission from the ends of the nanorods as well as at the point
of excitation (Figure 56D).618

7.3. Interfacial Chemical Reactions

There are a number of electron and hole transport materials
(i.e., potential substrates for perovskite ﬁlms) that, instead of
(or in addition to) gently releasing mobile ions into the
perovskite, react at the interface to produce secondary phases.
CdS is one such material, whose tendency to react with
MAPbI3 appears to be exacerbated by excessively high
annealing temperatures.514 Suﬃcient diﬀusion of Cd in the
perovskite may lead to phase segregation of a MAPb1−xCdxI3
solid solution into insulating (MA)2CdI4 and PbI2 (Figure 57).
Alternatively, dissociation of MAI can result in the reaction of
HI with CdS to produce H2S and CdI2. The gaseous species
formed by these reactions, CH3NH2 and H2S, evolve from the
ﬁlm, leaving behind insulating CdI2. Regardless of which
reaction pathway predominates, the end result is likely to be
the same [i.e., formation of insulating phases (CdI2, PbI2, and/
or (MA)2CdI4) that can block carrier extraction near the CdS
interface].514
Another material that can react rapidly with MAPbI3 upon
annealing is ZnO, which appears to catalyze decomposition of
the perovskite into PbI2 rather than forming other secondary
phases.621 Yang et al.621 have suggested that the basic ZnO
readily deprotonates the MA+ cation, promoting loss of the
organic component. Despite this problem, ZnO remains a
possible candidate for room-temperature fabrication of
PSCs,622 as decomposition appears to be a signiﬁcant problem
primarily when the perovskite ﬁlm is annealed. MoO3 is a
prospective hole extraction layer due to its deep work function;
however, Liu et al.623 observed that the proportion of Mo5+ to
Mo6+ detected by XPS in MoO3 ﬁlms evaporated onto the
perovskite surface is highest near the interface (i.e., for very
thin MoO3 ﬁlms), dropping oﬀ precipitously as the thickness
of the MoO3 layer increases. A concomitant depletion of
iodine from the perovskite at the interface with increased
MoO3 thickness, as quantiﬁed by the I:Pb ratio in the XPS
spectra, suggests that a redox reaction takes place at the
interface, wherein iodide in the perovskite oxidizes to form
volatile elemental iodine, which leaves the ﬁlm. The electrons

7.2. Interdiﬀusion between Perovskite and the Substrate

The substrate can inﬂuence the perovskite through more than
just surface chemistry. If it possesses mobile ions, these may
diﬀuse into the perovskite, potentially changing its properties.
This behavior may be beneﬁcial; for example, Bi et al.476
observed a gradual improvement in the PCE of PSCs stored
over a period of several days, with TOF-SIMS depth proﬁling
of the perovskite ﬁlm suggesting that the absorber was
enriched in sodium. These results were interpreted as Na+
ions having migrated from the soda-lime glass substrate into
the perovskite, passivating grain boundaries and boosting
photocurrent.476 Similar behavior has been noted in copper
indium gallium selenide (CIGS) solar cells (although these are
processed at much higher temperature).477,478 Small amounts
of Cd diﬀusing from an underlying CdS ETL have also been
shown to increase apparent grain size514 and perhaps improve
device performance.516 However, larger Cd incorporation
levels lead to secondary phase formation, as described in the
next section, which can clearly be detrimental. Such behavior is
not commonly observed for other transport materials;
however, it is prudent when considering new candidate ETLs
or HTLs to allow for the possibility of such interdiﬀusion and
associated potential eﬀects on device performance.
Qin et al.619 found that the hexavalent Cr component of a
sputtered CrOx HTL can be detrimental, with XPS depth
proﬁling indicating that Cr6+ ions could migrate into the
overlying perovskite ﬁlm. Once in the perovskite ﬁlm, the Cr6+
might oxidize iodide or otherwise reduce PSC performance,
though the exact mechanism has not been conclusively
elucidated. It appears that incorporating Cu into the Cr
sputtering target can lead to a more stable HTL, possibly
through the formation of more stable CuCrO2 phases, and the
extent of Cr diﬀusion into the perovskite deposited on the
CrOx:Cu HTL was signiﬁcantly lessened.619 It has also been
proposed that fullerene-based molecules such as PCBM (an
ETL candidate) can be driven into perovskite grain boundaries
3274

DOI: 10.1021/acs.chemrev.8b00318
Chem. Rev. 2019, 119, 3193−3295

Chemical Reviews

Review

released by oxidation of I− reduce Mo in the overlying ﬁlm,
explaining the enhancement of Mo5+ near the interface.
Another prospective HTL, CuSCN, may react with MAPbI3
via a halide-exchange reaction to form Cu and Pb iodides and
volatile MASCN, which then escapes the ﬁlm. However,
capping the entire device structure with PMMA prevents
egress of the decomposition products, inhibiting further
interfacial reaction.624 The above examples illustrate the high
chemical activity of the perovskite and the need to optimize
substrate−ﬁlm interfaces, not only for ﬁlm structure and device
performance but also for intrinsic stability and inertness of the
layers relative to one another.

review) are poorly understood, and what works well for a
certain process in a given laboratory may not extrapolate to a
diﬀerent context. Nevertheless, the fact that so many atomic
and molecular species may be added into the precursor
feedstock and lead to benign or beneﬁcial eﬀects on perovskite
ﬁlm structure and properties is a testament to the remarkable
defect tolerance of this family of materials.
It should be stressed that, although many deposition
techniques can successfully produce high-quality ﬁlms, reaching performance levels comparable to those of record-setting
devices requires careful attention to details at every stage of the
processing, including those that are not commonly emphasized/reported. The processing atmosphere is one such
variable that can play an important role. Although perovskites
are commonly fabricated in inert-atmosphere gloveboxes, such
systems typically only control moisture and oxygen levels and
may trap solvents in the glovebox atmosphere that may have a
signiﬁcant but diﬃcult-to-characterize impact on processing.
By contrast, while processing in air carries the risk of exposing
ﬁlms to moisture, it can more safely be assumed that the
composition of ambient air in a well-ventilated lab (or better
yet, cleanroom) is more consistent (neglecting possible
changes in humidity, which can be readily measured and/or
controlled) than a heavily used N2- or Ar-ﬁlled glovebox,
particularly if a wide variety of solvents is routinely used there.
Similar considerations apply to the vacuum systems used in
vapor processing, as routine deposition of many diﬀerent
materials in the same chamber carries a substantial risk of
cross-contamination, which may adversely aﬀect ﬁlm quality.
Another potential complicating factor is temperature (i.e.,
many processes are performed at “room temperature,” which is
by nature an imprecise term that may imply any temperature in
the range of approximately 20 to 30 °C). One should not
discount the possible eﬀects of such temperature ﬂuctuations
unless it is possible to show conclusively that the system under
study does not vary with such excursions; Saliba et al.,626 for
example, have noted that a process optimized for the
deposition of high-performance triple cation PSCs yields
low-eﬃciency devices if the glovebox temperature exceeds 28
°C during perovskite deposition. In the case of deliberate
heating using hot plates or ovens, temperature distributions,
thermal gradients, and eﬃcacy of heat transfer can have
profound inﬂuence on the quality of the thin ﬁlms. Purity of
the chemicals used in processing could also aﬀect deposition
greatly; while low-purity PbI2, for example, might yield devices
with decent device performance, these results are almost
certain to be nonreproducible from batch to batch of
chemicals, relative to higher grades. Even nominally highpurity chemicals may still only be assayed with respect to metal
purity but contain substantial oxide, water, or other chemical
species that might interfere with solubility or otherwise alter
processing. Finally, cleaning and handling of the substrates and
ﬁlms at each step of the process should be performed with
extreme care to minimize the eﬀects of adventitious
contaminants, either as impurities on the atomic scale or as
larger defects such as dust particles. Without proper attention
to what may seem to be trivial details, even the most reliable
process may fail to yield the intended results (either gaining
insights about ﬁlm deposition/properties or achieving
reproducible high-performance devices).
Although a staggering amount of research has been
performed on halide perovskite fabrication in the past few
years, there remain a number of productive avenues for further

7.4. Impact of Substrate on Film Electrical Properties

Another interesting and potentially important eﬀect of the
substrate is on the perovskite ﬁlm work function. Miller et al.82
observed that MAPbI3 ﬁlm carrier type tends to follow that of
the substrate. Those ﬁlms fabricated on intrinsic or n-type
substrates tend to be n-type, while those on p-type substrates
tend to be intrinsic or weakly p-type. Similar behavior was
recorded by Schulz et al.81 when comparing MAPbI3 ﬁlms
fabricated on n-type TiO2 and p-type NiOx, possibly indicating
a means of tuning the band bending in perovskite devices.
These observations may simply reﬂect the low intrinsic carrier
and trap state density within the perovskite ﬁlm, which might
otherwise screen substrate inﬂuences. These results, as well as
the absence of any especially compelling evidence of a strong
dependence of PSC performance on the absorber work
function or carrier density, suggest that the ETL and HTL
may play a more signiﬁcant role in establishing the built-in
electric ﬁeld than the perovskite does.

8. CONCLUSIONS
Halide perovskites oﬀer an unprecedented opportunity to unite
outstanding optoelectronic properties with facile and lowtemperature processing methods. While the soft nature of
these materials may be integral to the excellent material
properties that make them so attractive for photovoltaics and
other optoelectronic applications,625 as well as the ability to
fabricate ﬁlms via low-temperature processing,1 it also implies
unique challenges for ﬁlm deposition, such as unexpected and
unwanted chemical reactions or the possibility of decomposition. In spite of these challenges, there are a wide range of
techniques by which high-quality ﬁlms can be obtained.
Regardless of whether considering solution- or vapor-phase
approaches, most successful ﬁlm deposition techniques rely on
independently controlling the nucleation and growth processes. Rapid nucleation of the perovskite (or intermediate
phase) allows uniform coverage of the substrate and avoids the
formation of detrimental microstructural defects such as voids
and pinholes. The high grain boundary density often obtained
from these processes can be alleviated either by crystallizing
the perovskite from an intermediate precursor phase, or
through a suitable thermal, optical, or chemical post-treatment
to induce grain growth. Given the small energies involved for
processes that have signiﬁcant inﬂuence over ﬁlm formation,
one ongoing challenge for the ﬁeld involves deconvolving how
subtle chemical variations can impact the nucleation and
growth processes. Such variations might arise from interactions
between the precursors and the solvent or other features of the
processing environment, or from the presence of an additive
used to manipulate ﬁlm growth. Many of the mechanistic
eﬀects of such additives (including those discussed in this
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In summary, halide perovskites, as “soft semiconductors,”
represent an emerging class of revolutionary materials. The
unique advantages of these substances are accompanied by
unique challenges in thin ﬁlm deposition, resulting from the
ease with which they can thermally degrade or interact with a
wide variety of substances/surfaces. Although halide perovskite
reactivity poses signiﬁcant issues for their fabrication and
handling, it also aﬀords great ﬂexibility in how they can be
processed and how their properties can be controlled. Indeed,
as a great number of thin-ﬁlm deposition approaches have been
presented in this review, rather than trying to distinguish which
are the “best” approaches for depositing halide perovskite ﬁlms,
it is worth appreciating that one of the truly remarkable aspects
of this materials family is that so many completely diﬀerent
approaches (both solution- and vacuum-based) can give rise to
outstanding semiconductor ﬁlms. The recent profusion of
optoelectronic devices with excellent performance based on
halide perovskite thin ﬁlm active layers, using a wide range of
compositions, architectures, and processing methods, attests to
this versatility. While we predict that halide perovskites will
remain an active ﬁeld of research for many years to come, the
lessons learned concerning their processing may also be
applicable to other important emerging materials families with
similar “soft” chemical, mechanical, and optoelectronic
characteristics.

study in view of the many uncertainties that can aﬀect
perovskite ﬁlm deposition processes. For example, although
the research community has gained much important knowledge concerning the chemistry of several important perovskitesolvent combinations, there is much room to explore the
behavior of both the well-known systems as well as less
conventional ones (e.g., MAPbI3 in MA/ACN,257 2ME,256 or
the DMSO/ethylene glycol blend292,293 used in RIR-MAPLE).
Recent studies have highlighted the importance of carefully
investigating the colloidal properties of solutions from a
temporal as well as compositional perspective. In this regard,
precursor solutions can age rapidly, with important consequences for the reproducibility of the ﬁlms deposited from
them, which can vary widely based on the speciﬁc system
under consideration.106,164,627 Studies that focus on the
colloidal behavior of perovskite precursors are, therefore, likely
to be of great value to the ﬁeld, especially given the wide range
of possible compositions beyond MAPbI3, for which this
aspect of ﬁlm formation remains largely unexplored. Other
“invisible” factors brought on by interactions between
precursors and solvents may change the composition of the
ﬁnal thin ﬁlm in ways that may be diﬃcult to detect yet that
may be consequential for device operation or ﬁlm properties.106 While there are a number of studies that probe the
eﬀects of solvent in the processing atmosphere (and emphasize
the importance of controlling it),126,190,245,502 they tend to
focus on solvents that are often used in perovskite deposition
but not necessarily on others that may be commonly found in a
frequently used glovebox. Studies focusing on subtle yet
important interactions that can inﬂuence ﬁlm deposition will
therefore be of high value to the halide perovskite ﬁeld on both
a scientiﬁc and technological level.
Beyond the focus on solution processing, precursor-substrate
interactions can also be highly important in determining thin
ﬁlm morphology and composition as well as device performance,96,195,196 but understanding of the details of these
interactions is superﬁcial in many cases and deserves further
attention. This need is especially acute for vapor-deposited
halide perovskite ﬁlms, for which growth mechanics are still
relatively obscure and for which substrate-perovskite interaction presumably dominates the deposition process. A
particularly important eﬀect of the substrate, interfacial strain,
has been a known factor in the transformation of metal halide
precursor ﬁlms to perovskite during two-step processes202 but
also recently has become recognized as an important
consideration for thin ﬁlm deposition in one-step processes
as well,628,629 particularly in view of the large thermal
expansion coeﬃcient630−632 of halide perovskites. Controlling
this eﬀect will be of critical importance, especially as eﬀorts to
optimize PSCs for long-term stability gain prominence. Finally,
our experimental understanding of defect populations in halide
perovskites and how these relate to processing conditions has
largely focused on grain size and grain boundary density. Even
in this latter category there is much room for scientiﬁc
exploration; however, studies focused on connections between
these and other microstructural defects and processing are
currently lacking. It is remarkable that such rapid strides have
been made in perovskite device functionality without a
thorough reckoning of these materials properties. As the
research community grapples with the eﬀects of diminishing
returns on perovskite ﬁlm/device performance, however, it will
become imperative to take these considerations into account.
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