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p–p orbital interaction via magnesium isovalent
doping enhances optoelectronic properties of
halide perovskites†

Feng Qian, ‡a Jue Gong, ‡b Mingyu Hu, ab Chunyu Ge, a

Nitin P. Padture, *b Yuanyuan Zhou *bc and Jing Feng*a

p–p orbital interaction through Mg(II) isovalent doping in methylammo-

nium lead chloride perovskite significantly enhances the electronic

properties while not affecting the optical bandgap. This chemical

behaviour shows promising applications to optoelectronic devices.

Owing to the suitable optical bandgap of 2.9 eV, methylammo-
nium lead trichloride (CH3NH3PbCl3 or MAPbCl3) perovskite is
potentially useful in various applications such as deep-color
light-emitting diodes, lasers, transparent photovoltaics, and
ultraviolet (UV) photodetectors.1–6 However, the high electro-
negativity of Cl� can have an adverse effect on carrier mobilities
of this perovskite material,7 resulting in poor electronic proper-
ties and limiting the device performance. For mitigating this
issue, composition engineering approaches may be used, which
entail the replacement of either MA+ or Cl� with alternative
ions.8–13 But such practices inevitably bring about changes in
the key optical bandgap of MAPbCl3. For improving the electro-
nic properties, while maintaining the wide-bandgap nature,
one can only resort to substitution of the B-site cations (Pb2+) in
MAPbCl3. As a group IIA element, Mg2+ has a different valence
electron configuration (2s22p6) from Pb2+ (6s2). As shown in
Fig. 1a, when forming chemical bonds with Cl� (3s23p6), the p–p
orbital interaction between Mg2+ and Cl� is expected to give rise
to more polarizable electrons and thus higher carrier mobilities
in materials because of greater spatial orbital overlap, as com-
pared with the s–p interaction between Pb2+ and Cl� shown in
Fig. 1b. Furthermore, due to relativistic effects, Pb 6s orbitals are
stabilized through spatial contraction,14 which will additionally

cause the bonding electrons in Pb–Cl network to be less mobile.
In addition, in contrast to that for the 6s2 electrons of Pb2+, the
density distribution for the 2p6 electrons of Mg2+ are in much
closer proximity to the nucleus, contributing to tighter chemical
bonding between Mg2+ and Cl�, and thus, higher chemical
stability of the perovskite.15 As such, herein we demonstrate
Mg-doping (Fig. 1c) as a promising strategy for improving the
electronic properties of MAPbCl3 while maintaining its bandgap.
Based on this approach, UV photodetectors with enhanced
performance and stability are successfully fabricated.

In order to confirm the Mg-doping mechanism in MAPbCl3, we
first synthesized Mg-doped MAPbCl3 (denoted as Mg:MAPbCl3)
single-crystals using the antisolvent-vapor-assisted crystallization
method.16 Here, PbCl2, MACl, and MgCl2 are co-dissolved in
dimethyl sulfoxide in molar ratios of 1 : 1 : 0.15 to form the
precursor solution. Note that the atomic ratios in the precursor
solution do not necessarily represent the composition of the final
product. Subsequently, the solution was placed in an atmosphere
of dichloromethane antisolvent vapor at room temperature, where

Fig. 1 (b) Schematic illustrations of orbital interactions in (a) Mg–Cl and
(b) Pb–Cl bonds. (c) Schematic illustration of Mg-doping in MAPbCl3 via
cation substitution.
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the Mg:MAPbCl3 single-crystals grow slowly. Pure MAPbCl3 single-
crystals were also grown without the addition of MgCl2. A more
detailed experimental synthesis procedure is included in the ESI.†
Fig. 2a compares the powder X-ray diffraction (XRD) patterns of
ground samples of pure MAPbCl3 and Mg:MAPbCl3 single-crystals
(inset shows photographs). Both samples show well-resolved XRD
peaks that can be fully indexed based on the cubic Pm%3m
symmetry. Importantly, the characteristic (200) peak for
Mg:MAPbCl3 shifts to higher 2y compared with that for pure
MAPbCl3, confirming a decrease of the lattice parameter (from
a = 0.564 nm to a = 0.562 nm) of the cubic perovskite crystal
structure. This suggests that B2 at% of Pb2+ (ionic radius:
119 pm) ions are substituted by Mg2+ (ionic radius: 72 pm) in
the crystal structure according to the Vegard’s law.17,18 We also
studied the effect of Mg-doping content on the phase and
structure of Mg:MAPbCl3 single-crystals. As shown in Fig. S1
(ESI†), when the amount of Mg2+ precursors (MgCl2) in the
solution is increased, the lattice parameter is further reduced,
indicating incorporation of more Mg2+ in the crystal structure.
However, impurity phases are also identified in the resulting
crystals with higher Mg-doping content, which can be attributed
to phase segregation. In general, we do not observe a noticeable
effect of Mg-doping on the macroscopic shape of the as-grown
MAPbCl3, which is mostly related to the low doping level. The
UV-vis absorption spectra of Mg:MAPbCl3 and pure MAPbCl3 are
compared in Fig. 2b, exhibiting the same band edge at B430 nm.
The corresponding Tauc plots in Fig. S2 (ESI†) reveal the same
bandgap, 2.90 eV, in both Mg:MAPbCl3 and pure MAPbCl3 single-
crystals. We further calculated density of states (DOS) for
Mg:MAPbCl3 and pure MAPbCl3 as shown in Fig. 2c, which again
reveals the same bandgap for Mg:MAPbCl3 and pure MAPbCl3.

This is because there are negligible effects of s or p orbitals of Mg
on the Pb or Cl orbital energy levels near the bandgap (see Fig. S3,
ESI,† for more details).

X-ray photoelectron spectroscopy (XPS) studies were con-
ducted to elucidate the effects of Mg-doping on the chemical
bonding in the perovskite structure. As shown in Fig. 3a, XPS
survey scans confirm the existence of Pb, Cl, and C elements in
both Mg:MAPbCl3 and pure MAPbCl3 single-crystal samples. By
scrutinizing the binding energy region between 200 and 400 eV,
we observed an intensity peak at B300 eV that can be attributed
to Mg KLL Auger photoelectrons19 (Fig. 3b), which attests the
existence of Mg in Mg:MAPbCl3. Furthermore, XPS resolution
scans in Fig. 3c reveal a larger binding energy of Cl 2p electrons
in Mg:MAPbCl3 than that in pure MAPbCl3, which indicates that
the conceptualized p–p orbital interaction brings forth a tight
bonding in the Mg–Cl network. Meanwhile, we observed smaller
binding energy of Pb 4f electrons in Mg:MAPbCl3 (Fig. 3d), which
is consistent with moderate Pb–Cl connection by Mg-doping.
Also, Cl 2p electrons show a much smaller binding-energy
difference (0.04 eV) between Mg:MAPbCl3 and MAPbCl3 than
Pb 4f electrons, which is attributed to the more polarizable
p–p electrons in Mg–Cl bonds than the electrons in Pb–Cl bonds.

Lateral photoconductor-type electron-only devices (see
Fig. S4, ESI,† for the dimensions of interdigitated gold electrodes)
based on Mg:MAPbCl3 and pure MAPbCl3 single-crystals were
fabricated for understanding the effect of Mg-doping on the
electronic properties. Under dark conditions, space-charge-
limited current (SCLC) measurements reveal a much lower
trap-filled limit voltage (VTFL) for Mg:MAPbCl3 (0.337 V, Fig. 4b)
with respect to MAPbCl3 single-crystal (1.460 V, Fig. 4a). Corres-
pondingly the trap density (nTrap) of electrons in Mg:MAPbCl3 is
three times lower than that in pure MAPbCl3 based on the
following equation,20

ntraps ¼
2ere0VTFL

qd2
; (1)

Fig. 2 (a) XRD patterns of Mg:MAPbCl3 and pure MAPbCl3 samples prepared
by grinding the single-crystals into fine powders. Insets are the photographs
of the original single-crystals. (b) UV-vis absorption spectra of Mg:MAPbCl3
and pure MAPbCl3 single-crystals. (c) Calculated DOS of Mg:MAPbCl3 and
pure MAPbCl3.

Fig. 3 XPS spectra of Mg:MAPbCl3 (red) and pure MAPbCl3 (black) single-
crystals: (a) survey scans and (b) zoomed-in view of survey scans. Higher
resolution scans of: (c) Cl 2p and (d) Pb 4f electrons.
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where er, e0, VTFL, q, and d are the relative permittivity of MAPbCl3
(23.9),1,4 vacuum permittivity (8.854 � 10�12 F m�1), trap-filled
limit voltage (VTFL), elementary charge, and carrier drift length,
respectively. Furthermore, electron mobility of Mg:MAPbCl3 is
determined to be 34% higher than that of pure MAPbCl3 by fitting
the child regimes in Fig. 4a and b using the following equation,4

J ¼ 9ere0mV2

8d3
(2)

where m, V, and J are carrier mobility, voltage, and current density,
respectively. The photocurrent responses of photoconductor
devices based on Mg:MAPbCl3 and pure MAPbCl3 single-crystals
are compared in Fig. 4c. Upon the illumination of 365 nm UV
photons with a power density of 0.0524 mW cm�2, Mg:MAPbCl3
single-crystal exhibits a photocurrent of 55 mA, which is much
higher than MAPbCl3 (38 mA). This unambiguously confirms the
improved optoelectronic device performance due to the Mg-doping.

Vertical thin-film photodetector-type devices are further fabri-
cated by sandwiching the solution-processed halide perovskite
layers with n-type and p-type charge extraction layers. The sche-
matic illustrations showing the detailed device structures are
included in Fig. S5 (ESI†). Near-UV (450 nm) light illumination
is used here. Fig. 5a and b show functional responses of photo-
detector devices based on Mg:MAPbCl3 and pure MAPbCl3 thin
films, respectively, under varied incident power densities. Fig. 5c
plots the photocurrent density as a function of incident power
density for the photodetectors based on Fig. 5a and b. It is clear
that the Mg:MAPbCl3-based photodetector outperforms the
MAPbCl3-based photodetector, particularly at higher power den-
sities. Fig. 5d compares the magnitude of the photo-response of
Mg:MAPbCl3-based and pure MAPbCl3-based photodetectors.
Once again, the Mg:MAPbCl3-based photodetector performs
significantly better at high power densities (40.13 W cm�2).

Mg-doping also improves the stability of MAPbCl3 perovskite,
which is important for the operation of electronic devices. We
monitored the evolution of absorption spectra for Mg:MAPbCl3

and MAPbCl3 thin films in a controlled environment (80% relative
humidity; 30 1C; air). By tracking the maximum absorbance near

400 nm (Fig. S6, ESI†), it is evident that the Mg:MAPbCl3 thin film
retains more than 60% of the original absorbance after a period of
storage in the ambient air, as compared to only 25% for pure
MAPbCl3. The storage time is 3 h, which is sufficient for this
stability comparison. In terms of device stability (Fig. S7, ESI†),
the Mg:MAPbCl3 thin film photodetector has stabilized photo-
currents above 90% of the original magnitude during a 25 s
continuous output under 450 nm illumination at incident power
densities of 0.02 W cm�2 and 0.09 W cm�2. For comparison, less
than 80% of the original currents are retained for the pure
MAPbCl3 device under the same test conditions. The observed
material and device photocurrent stabilities corroborate the tighter
atomic bonding as imparted by structural analyses mentioned
earlier.

In summary, we have demonstrated Mg-doping as an effec-
tive method for enhancing electronic properties of MAPbCl3

perovskites without affecting the critical optical bandgaps,
which shows promising applications to high-performance
photodetectors. While it is currently challenging to gain more
insights into the detailed crystal and defect structures using
high-resolution characterizations such as transmission electron
microscopy, synchrotron, and spectroscopies primarily due to
the soft nature of the as-synthesized perovskite materials,21 we
envision that future research effort in this direction may even-
tually overcome such characterization obstacles and unveil the
exact character of metal doping in perovskites. Finally, this work
points to a promising direction in influencing the atomic orbital
interaction and chemical bonding through rational metal-
doping for halide perovskites with tailored properties.

This research performed at Kunming University of Science
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of China (No. 2019YFB1503200), the National Natural Science
Foundation of China (grant No. 11504146 and No. 51762028),
and Rare Metal Material Genetic Engineering Project of Yunnan

Fig. 4 SCLC plots for single-crystals: (a) pure MAPbCl3 and (b) Mg:MAPbCl3.
(c) On–off switching performance under 365 nm UV illumination of photo-
detectors based on pure MAPbCl3 (black) and Mg:MAPbCl3 (red) single-crystals.

Fig. 5 On–off switching performance under 450 nm light illumination with
different incidence power densities of thin-film photodetectors based on:
(a) pure MAPbCl3 and (b) Mg:MAPbCl3. Corresponding performance com-
parisons of the two types of thin-film photodetectors: (c) photocurrent
density and (d) photoresponsibility.
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