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ABSTRACT: Hexagonal selenium with a direct band gap has been developed for
optoelectronic applications for more than one century. The major advances in Se
solar cells have been made using vacuum or solution-based processing methods. In
this work, we demonstrate a new two-stage melt processing (TSMP) method for
incorporating Se in printable triple mesoscopic solar cells in the ambient
conditions. It is observed that polymerization and depolymerization between
several types of selenium chains are simultaneously triggered during the melt
processing, from which phase-pure hexagonal selenium is formed in the mesopores
of solar cells with high crystallinity. The TSMP method has positive eﬀects on the
conduction-band energy level, band gap, and crystal phase of as-deposited Se, as
revealed UV electron spectroscopy, UV−vis absorption spectroscopy, and in situ Xray diﬀraction. The TSMP-based printable mesoscopic selenium solar cells show a
power conversion eﬃciency of 2%, which is eight times that for devices based on
the single-stage melting processing. These ﬁndings open up a new research
direction of melting processing toward more eﬃcient photovoltaic devices.
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1. INTRODUCTION
As the material used in the ﬁrst photovoltaics (PVs), selenium
shows many desirable properties for optoelectronics applications,1 which gives a maximum theoretical eﬃciency of
selenium solar cells of ∼20% according to the Shockley−
Queisser limit.2 Selenium is also an earth-abundant nontoxic
material with excellent chemical stability. Since the early
demonstration, selenium has been tried in various PV
architectures as light absorbers,3 as shown in Table S1. To
make a selenium solar cell, typically, a thin layer of tellurium is
ﬁrst deposited on the conducting substrate or compact TiO2.4,5
Then, the selenium is deposited via vacuum evaporation,
electrochemical deposition, or spin-coating, followed by the
deposition of gold or silver as the photocathode.6−8
Since Charles Fritts built the ﬁrst PV cell by coating
selenium with a thin layer of gold,9 signiﬁcant progress has
been made through the generations of PVs.10,11 While the
current PV market is occupied by the silicon wafers and grid
parity with incumbent silicon technology being widespread,12
alternative PV generations have opened up the possibility of
PV panels with features such as ﬂexibility, portability,
transparency, and excellent low and diﬀuse light performance.13,14 Among them, the printable triple mesoscopic solar
cells based on screen-printed mesoporous TiO2/ZrO2/carbon
triple-layer architecture are attractive as they provide facile
© 2019 American Chemical Society

pathways to a simple fabrication process using the screenprinting technique.15,16 In addition, this architecture shows the
potential for scaling-up and increasing industrial throughput by
preparing the mesoscopic scaﬀolds and subsequently ﬁlling in
light absorbers.17 Omittance of expensive hole-transport
materials (HTMs) and application of the carbon electrode
instead of the commonly used noble metals further decreases
the fabrication cost.18−20 In the past few years, our group has
studied this structure and achieved some results in sensitizers
and perovskite materials.21−23 With our continuous interests in
this HTM-free PV device, the oldest PV material selenium was
employed as the light absorber layer.
To apply the light absorber in the mesoscopic device, the
light absorber material needs to be “liquid”. Melt processing is
a feasible method which does not need complicated vacuum
systems or uses hazardous solvents and has been applied in
processing polymers or inorganic materials.24−28 Some
materials have emerged which show potential to be applied
by melt processing, but no application has been reported yet.
Taking advantage of the low melting point of selenium (217
°C), the molten selenium can be easily transferred into the
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Figure 1. (a) Schematic diagram of the procedure of melt processing. (b) Cross-sectional scanning electron microscopy of the device structure
which consists of glass/FTO/c-TiO2/mp-TiO2/ZrO2/carbon and EDX analysis of FTO/TiO2/ZrO2/carbon with elemental mapping.

preprepared scaﬀold by capillary ﬁlling in the ambient
environment. Unfortunately, only 0.25% of power conversion
eﬃciency (PCE) was obtained. Very recently, Kanatzidis had
conﬁrmed that the heating rate has a remarkable inﬂuence of
the crystallization of selenium.29 Similar to the crystal shape
changes along with the heating rate, we found that the cooling
rate from melt temperature to room temperature also
inﬂuences the crystallization of selenium and then aﬀects the
photophysical properties of Se. During two-stage melt
processing (TSMP), we observe a simultaneously triggered
polymerization and depolymerization between several types of
Se chains.30 Via precise temperature control, we realize a rapid
conversion of phase-mixed selenium to phase-pure hexagonal
selenium, leading to dense selenium inﬁltration inside the
mesopores with enhanced crystallinity. As a result, a signiﬁcant
enhancement of the PCE of the device from 0.25 to 2.00% is
achieved. This melt processing can be further applied to
materials that melt before decomposition and has the potential
to control crystal orientation of materials such as low meltingpoint perovskites26,28 using the temperature gradient.

the TSMP is shown in Figure 1a. Se powder was put on the
surface of mesoporous carbon. Upon melting, Se inﬁltrated
into the mesoscopic scaﬀold but exists in a mixture of crystal
forms. After cooling down, we observed reddish black Se from
the TiO2 side of the device and it turns black with second stage
thermal treatment at 200 °C.
Homogenous inﬁltration and complete pore-ﬁlling situation
inside the mesopores, especially in mp-TiO2, is the key point to
achieve eﬃcient charge extraction and obtain a highly
performed device. Homogenous inﬁltration depends on a
large number of factors, including the wettability and the
relative aﬃnity of the ﬂuids to the solid. Some research studies
manifested that Se is oleophilic.31 In order to identify the
wettability of Se on diﬀerent substrates, the contact angles of
molten Se on FTO, mp-TiO2, mp-ZrO2, and carbon was
measured. Figure S1 shows the picture of Se after heating at
235 °C for 1 h on diﬀerent substrates, and the corresponding
contact angles are summarized in Table S2. The wettability of
selenium on diﬀerent substrates follows the order of carbon >
mp-TiO2 > mp-ZrO2 > FTO. The high aﬃnity of Se to mpTiO2 and carbon can facilitate the capillary ﬁlling of Se into the
scaﬀold and ensure an intimate contact. Uniform distribution
and thickness of Se on the carbon layer are found to be critical
for the eﬃcient transfer of Se into the scaﬀold. Thus, Se
powder is preferred to the Se pellet. By applying pressure with
a cover glass can give us a satisfactory starting point. The welldistributed Se shows a signiﬁcant smaller contact angle on
carbon upon melting, as shown in Figure S2. The melting
point of Se is 217 °C; however, we found no melt trace of
selenium until 225 °C probably due to the heat loss during
thermal transmission. Higher temperature can facilitate the
melt and inﬁltration process (Figure S3 and Table S3) but at a
risk of selenium volatilizing. A temperature of 235 °C is ﬁnally
chosen as the heating temperature. The quantity of Se powder
and the melting time also inﬂuences the pore ﬁlling.

2. RESULTS AND DISCUSSION
In a typical printable triple mesoscopic solar cell, the
mesoporous layers are deposited on FTO glass by the
screen-printing technique, whose thicknesses can be controlled
by tuning the solid content of the pastes and the screen mesh.
Generally, the mp-TiO2 layer is attributed to accepting and
transporting photoinduced electrons from the absorber
eﬃciently as well as a scaﬀold to sustain the absorber. mpZrO2 acts as an insulating layer to block the electron transfer
from mp-TiO2 to carbon and prevent direct contact between
TiO2 and the carbon layer. Besides, ZrO2 can prevent the
electron transport from the absorber to the carbon electrode to
achieve exciton separation. The carbon layer serves as a
counter electrode and collects holes. A schematic illustration of
33880
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Figure 2. Temperature-dependent XRD spectra of Se powder on the carbon ﬁlm and the corresponding crystal conﬁgurations at each stage.

Figure 3. (a) Optical absorption of Se prepared by fast cooling (gray), slow cooling (blue), and TSMP (red) on FTO glass. Black-dotted lines are
ﬁtting to extract the band gap energy. (b) UPS spectra of Se prepared by fast cooling (gray), slow cooling (blue), and TSMP (red). (c) Energy level
diagrams of the hole-conductor-free-printable Se MSC.

Insuﬃcient quantity of Se leads to incomplete pore ﬁllings,
while a large quantity of Se leads to a thick capping layer
residual remaining on the carbon layer, which increases the
resistance. The optimal quantity is determined to be 10 mg/
cm2 on the surface of carbon (the active area of the device is
0.8 cm2). Finally, an optimal pore ﬁlling of Se in mp-TiO2 is
obtained, as shown in Figure 1b. By using cross-section
scanning electron microscopy (SEM) and energy-dispersive Xray (EDX) analysis, complete and uniform distribution of Se in
all three mesoscopic layers is observed. In order to clarify the
distribution situation of Se in the device, the line proﬁle of
EDX mapping is shown in Figure S4. The example of a device
with inadequate pore ﬁlling is given in Figure S5 as the
comparison, in which the density of Se in mp-TiO2 is
apparently less than the carbon layer.
Element Se exists in diﬀerent allotropes that interconvert
with temperature change, including glassy, monoclinic, trigonal
(hexagonal), and so on.30 The optical and electrical properties
vary hugely regarding the existing form as a result of the
diﬀerent bonds between Se atoms.32 The properties of the
most commonly seen selenium forms are summarized in Table
S4. In particular, hexagonal Se exhibit a direct band gap of 1.8
eV and the highest charge mobility of 10−5 to 10−6 Ω−1
cm−1,32,33 which is the most suitable for optoelectronic
applications. The starting material Se powder was identiﬁed

to have a hexagonal crystal structure. As shown by XRD in
Figure 2, the diﬀraction peaks at 23.521, 29.691, 41.341,
43.621, 45.371, and 51.731 were assigned to the (100), (011),
(110), (012), (111), and (021) planes, respectively. We
performed temperature-dependent XRD to in situ observe the
Se crystal conﬁguration change on carbon, and the
corresponding crystal conﬁgurations are displayed alongside.
No change was observed when the temperature increased from
25 to 200 °C. All representative peaks disappeared when the
temperature went up to 300 °C. The crystal conﬁguration of
selenium turned amorphous as a result of the transformation of
the internal chemical bond between Se atoms. The molten
liquid selenium can be a mixture of ultradispersive and vitreous
selenium including fragments of Se8 and Se6 rings and chain of
hexagonal. When the liquid cools down, co-polymerization
happens with all fragments with diﬀerent structures, displaying
no long-range order. At the same time, some metastable
polymorphoids of monoclinic and rhombonhedric decomposes
and transforms into the stable hexagonal Se.30 As shown by
XRD in Figure S6, we can increase the percentage of hexagonal
Se in the product by tuning the cooling down rate of molten Se
though Se still existed in a mixture of diﬀerent forms. The
XRD intensity is quite diﬀerent under diﬀerent cooling rates.
Thermogravimetry coupled with diﬀerential scanning calorimetry (TG-DSC) was performed to elucidate the melting point
33881
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Figure 4. (a) Steady-state PL spectra and (b) time-resolved of diﬀerent Se on mp-ZrO2 ﬁlms: fast cooling (gray), slow cooling (blue), and TSMP
(red). (c) Diﬀerent Se time-resolved on mp-TiO2 ﬁlms: fast cooling (gray), slow cooling (blue), and TSMP (red).

Figure 5. (a) J−V curve of the device prepared by TSMP under the reverse scan (red line), device prepared by slow cooling (blue line), device
prepared by fast cooling (gray line), and J−V curve of the device under dark. (b) IPCE spectra and integrated current of Se devices. (c) Stability of
the device under continuous illumination of AM 1.5G.

function of fast cooling and slow cooling is 5.51 and 5.32 eV.
The CB of Se prepared by TSMP, slow cooling, and fast
cooling is −4.04, −4.41, and −4.45 eV, respectively, which is
determined by VB and Eg, Besides, the VB of Se prepared by
slow cooling and fast cooling is −5.90 and −6.22 eV, lower
than TSMP. These results indicated that Se prepared by TSMP
can match better with mp-TiO2 and carbon. Figure 3c presents
the energy level diagrams of the printable MSC. To enable
eﬃcient electron injection from the absorber to TiO2 and hole
extraction from the absorber to carbon, the conduction
band (CB), or the lowest unoccupied molecular orbital (LUMO) of the absorber has to be higher than the Fermi level of
TiO2 (4.1 eV), while the valence band (VB) or the highest
occupied molecular orbital (HOMO) has to be lower than the
Fermi level of carbon (5.0 eV). Besides, the valence band of
ZrO2 is −3.4 eV, which is much higher than the CB of Se
(−4.04 eV) and can eﬀectively prevent charge recombination.36,37 We also investigated the roles of the host material in
the band structure of Se as shown in Figure S10 and found that
the band gap and crystallization conditions of Se just depend
on diﬀerent methods of melt processing.
The steady-state photoluminescence (PL) was further
carried out to evaluate the photophysical properties of Se
prepared by diﬀerent melt processings. As shown in Figure 4a,
the sample prepared by TSMP exhibited increased PL intensity
compared to others. It is worth noting that the samples
prepared by slow cooling and TSMP blue-shifts the PL peak,
indicating less defect states of Se prepared by TSMP.38 The
time-resolved PL (TRPL) of Se on mp-ZrO2 (Figure 4b) was

and phase transformation point of selenium powder during the
process of melting. As shown in Figure S7, the endothermic
melting peak is at 220 °C. We observe an additional valley
around 160 °C, manifesting phase transformation during the
second round of heating, which should belong to the phase
transformation from amorphous to hexagonal.34 According to
Bhatnagar’s study, the closer the heating temperature of
selenium is to the melting point, the more likely it is to
transform to the hexagonal crystal.35 Thus, we chose 200 °C as
the second-stage heating temperature. As shown in Figure 2,
the second-stage thermal treatment increased the intensity of
all XRD representative peaks, indicating successful transformation to hexagonal Se. In addition, we notice that the
carbon peak started to appear after the Se melt because the
molten Se inﬁltrated into the carbon ﬁlm. Heating at 200 °C
repeatedly cannot further improve the crystallinity of Se
(Figure S8). The XRD pattern of Se in a complete device is
shown in Figure S9, showing a phase-pure hexagonal Se.
In order to explore the inﬂuence of diﬀerent melt
processings on the properties of Se, the UV−vis spectra were
measured to calculating the band gap (Eg) of Se prepared by
these three diﬀerent melt processings. The Eg of fast cooling
selenium is 1.78 eV determined by the Tauc plot (Figure 3a),
while samples prepared by slow cooling and TSMP has a
smaller Eg (1.74 and 1.64 eV), showing wider absorption
compared to fast cooling. Furthermore, the ultraviolet
photoelectron spectroscopy (UPS) pattern (Figure 3b)
illustrates that the Se-prepared TSMP has a more suitable
VB (−5.68 eV) and work function (4.75 eV), while the work
33882
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given to explore the ﬂuorescence lifetime of diﬀerent kinds of
Se, indicating Se prepared by TSMP has a longer ﬂuorescence
lifetime (41.70 ns) than fast cooling (37.43 ns) and slow
cooling (7.35 ns). Further, the TRPL was measured on mpTiO2 to study the electron transport from the absorber to ETL
(Figure 4c); the ﬂuorescence lifetime increased from fast
cooling (13.64 ns), slow cooling (20.45 ns), and the two-stage
melt process (25.89 ns). To quantitatively analyze the carrier
lifetime, a biexponential decay model was used to ﬁt the PL
decay curves, the speciﬁc data is in Table S5. The results
indicated the bad contact between mp-TiO2 and crystal
selenium, which is in keeping with the former study. After
amorphous Se transformed to crystal selenium, the contact
became worse between TiO2 and Se.4,5
Based on the abovementioned studies, we fabricated the
solar cells based on the Se absorber and three diﬀerent melting
process. The J−V curves of devices fabricated by diﬀerent
methods are shown in Figure 5a with parameters summarized
in Table 1. The fast cooling method only yields in a PCE of

improved, this proof-of-concept demonstration provides new
exciting opportunities for novel PV device fabrication,
especially for those PV material candidates that tend to melt
before decomposition. This study also implies directions for
further improving the PV performance of Se-based MSCs.
First, replacing TiO2 with other electron-collecting layers with
more suitable energy levels such as BaSnO3 may facilitate the
interfacial charge dynamics and improve the device performance. Then, introducing the interfacial modiﬁcation layer
between the ETL and Se will also improve the charge injection.
Finally, lowering the band gap of Se by doping/alloying can be
very useful for broadening the light absorption.

4. EXPERIMENTAL SECTION
4.1. Triple-Mesoscopic Scaﬀold Fabrication. Unless otherwise
speciﬁed, all materials were purchased from Sigma-Aldrich. The FTO
conducting glass was etched with a laser to form desired electrode
patterns before being ultrasonically cleaned with a detergent solution,
deionized water, and ethanol for 15 min, respectively. A compact layer
of TiO2 was deposited on the FTO-coated glass by spray pyrolysis
deposition at 450 °C with diisopropoxide bis(acetylacetonate)
solution and sintered for 30 min. And then a 500 nm mesoporous
TiO2 layer (Dyesol NRD-30, diluted with terpineol in weight ratio
1:4), a 3 μm ZrO2 spacer layer and a 15 μm carbon layer were
subsequently screen-printed on the glass. The TiO2 layer was sintered
at 500 °C for 30 min; ZrO2 layer and the carbon layer were sintered at
400 °C for 30 min. Then, the cells were taken oﬀ from the hot plate
and cooled down to room temperature.
4.2. Two-Stage Melt Processing. Selenium powder (8 mg) was
ﬁrst scattered onto the active area of the cell. The device was put onto
a hot plate and heating at 235 °C to melt Se and inﬁltrate into
preprepared triple-mesoscopic scaﬀold. The device was left to cool
down to room temperature at a temperature decrease of about 2 °C/
min. The temperature was increased again to 200 °C and remained
for a period of time before cooling down to room temperature. All the
abovementioned procedures were completed in an air atmosphere.
4.3. Slow Cooling Melt Processing. Selenium powder (8 mg)
was ﬁrst scattered onto the active area of the cell. The device was put
onto a hot plate and heating at 235 °C to melt Se and inﬁltrate into
the preprepared triple-mesoscopic scaﬀold. The device was left to cool
down to room temperature at a temperature decrease of about 2 °C/
min.
4.4. Fast Cooling Melt Processing. Selenium powder (8 mg)
was ﬁrst scattered onto the active area of the cell. The device was put
onto a hot plate and heated at 235 °C to melt Se and inﬁltrate into the
preprepared triple-mesoscopic scaﬀold. The device was left to cool
down to room temperature in the room-temperature atmosphere.
4.5. Characterization. The morphology of samples was observed
by a ﬁeld-emission SEM (FEI Nova NanoSEM450), and the
elemental microanalysis was measured with an energy-dispersive Xray spectrum (EDS) analysis system integrated into SEM. The
mesoscopic ﬁlm thickness was measured by using the proﬁlometer
(Dektak XT, Brucker). The XRD spectra were measured with an
X’pert PRO X-ray Diﬀractometer using Cu Kα radiation under
operating conditions of 40 kV and 40 mA from 10° to 80° coupled
with a heating stage with a scanning speed of 5°/min. The TG-DSC
data were measured by TG and diamond diﬀerential scanning
calorimeter (Netzsch Instruments) under ambient conditions. Device
performance was characterized by a Keithley 2400 source/meter and a
Newport solar simulator (model 91192) which oﬀered the simulated
AM 1.5G illumination of 100 mW cm−2; calibration was performed
using a NIST-certiﬁed monocrystalline Si solar cell (Newport 532
ISO1599). The J−V curves have measured both reverse (1.2 to −0.2
V) and forward (−0.2 to 1.2 V) values with a scan rate of 10 mV s−1.
A mask with a circular aperture (0.101 cm2) was applied for J−V
measurements. The steady-state PL was measured by a HITACHI F7000 ﬂuorimeter. Time-resolved PL (TRPL) decay transients were
measured at 780 nm using excitation with a 478 nm light pulse from a

Table 1. Parameters of Diﬀerent Devices
device

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

Eg (eV)

fast cooling
slow cooling
two-stage

0.32
0.58
0.67

2.64
3.54
4.59

30.0
40.0
65.0

0.25
0.80
2.00

1.77
1.70
1.64

0.25% because of the poor electrical properties of amorphous
Se. The PCE increases to 0.81% when the slow cooling
method is applied. The best performing device is prepared by
TSMP, giving a PCE of 2.00% with a VOC of 0.67 V, JSC of 4.59
mA·cm−2, and ﬁll factor of 0.65, which is the highest FF of all
Se PVs. The PCE of the forward scan is 1.80%, similar to the
reverse, with a VOC of 0.64 V, JSC of 4.84 mA cm−2, and ﬁll
factor of 0.58 (Figure S11). The hysteresis eﬀect index (HEI)
in our device is 0.024 determined by eq 1
JRS(0.8V) − JFS(0.8V)
HEI =
(JFS(0.8V) + JRS(0.8V))/2
(1)
where JRS(0.8VOC) and JFS(0.8VOC) represent current density at 80%
of VOC for reverse and forward scans, respectively.39 Besides,
the JSC values were calibrated with EQE measurement (Figure
5b). The range of IPCE is around 300 to 680 nm and had the
strongest absorbance at 400 nm. The current density yielded
by integrating the overlap of the EQE spectrum with the
standard AM 1.5G and solar photon ﬂux is 5.09 mA·cm−2,
which is in line with the J−V results. The low current density
may come from the undesirable contact between hexagonal Se
and TiO2, as revealed by the TRPL above. In addition, the
stability of Se solar cells was tested under AM 1.5G continuous
illumination. As shown in Figure 5c, no signiﬁcant drop of
PCE was observed during 200 h of continuous illumination. All
of the cells measured were without any encapsulation. The
thickness of mp-ZrO2 can inﬂuence the parameters of the
device as shown in Figure S12.

3. CONCLUSIONS
In summary, we demonstrate for the ﬁrst time a Se solar cell
based on the printable triple mesoscopic device structure. A
TSMP method was introduced for the device fabrication, and a
champion PCE of 2.00% was obtained with good device
stability under illumination. Although the PCE needs to be
33883
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HORIBA Scientiﬁc DeltaPro ﬂuorometer. The samples used for
TRPL measurements were prepared by inﬁltrating Se into the mpTiO2 and mp-ZrO2 ﬁlms. The UPS was measured by ESCALAB
250Xi Ultraviolet electron. The UV−vis was measured by using a
SolidSpec-3700 Ultraviolet−visible near-infrared spectrophotometer.
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