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ABSTRACT: Surface modification of perovskite films using a combination

of 1-dodecanethiol (DT) and MoS, nanosheets is investigated for perovskite

solar cells. This surface modification is studied for two different types of

perovskites, one with triple cations (CsFAMA) and one with double cations MoS, nanosheet
(FAMA), resulting in solar cell devices with power conversion efficiency dispersion
(PCE) values of 18—19 and >20%, respectively. In both cases, stability

enhancement is observed with DT and MoS, surface modification using three DT ligand

different stability tracking protocols. The results reveal that by including DT pa,oyskite film -
and MoS,, the device retains 92% of its highest efficiency after 2200 h in dark

(in air), while the standard device retained only 72%. Moreover, after light
cycling, the device with DT and MoS, retained 80%, and the standard device
retained 55% of its maximum PCE. Moreover, these surface modifications gave rise to 58% decrease in the number of short-circuited
devices and more reproducible results. Different characterizations revealed that the stability and efficiency enhancement is mainly
due to reduced interface trap densities, improved charge transfer, and longer charge carrier lifetime. Moreover, the DT and MoS,
modifications induce hydrophobicity with an average contact angle over 80°.

-/

KEYWORDS: perovskite solar cells, surface modification, ligand bridging, MoS, nanosheets, impedance spectroscopy, stability protocol,
trap density

1. INTRODUCTION

Metal halide perovskite solar cells with different layering and
structures have opened a wide and diverse area of research due
to their promising optoelectronic properties in the field of
photovoltaic applications in the last decade. They are highly
promising to be considered the next generation of commercial

to implement many of the new suggested HTLs, some new
ETL layers should be added in the layering process to
compensate the band offsets” or even the device structure
should be changed from n—i—p to p—i—n which imposes extra
layering and interface concerns and modifications. On the
other hand, Spiro-OMeTAD has been widely used as

solar cells with cheap and affordable cost of raw materials and
preparation technology.'™ Although there have been great
successes and deep understanding in the different aspects of
photovoltaic performance of perovskite solar cells, they still
suffer from low stability and durability under the working
conditions.'®™"* This instability rises from the thermal
instability of the perovskites, observable hysteresis in their J—
V measurements, hydrophilicity and moisture decomposition,
cation and anion migrations, and interaction with the
interfaces."> > Most of the reports relate the hysteresis effects
to the interface effects between the electron transport layer
(ETL) and perovskite interface.””*" Thus, the passivation of
ETL/perovskite has been the focus of many research studies to
reveal the effect of surface passivation and ion migrations for
achieving highly stable devices.”””>* On the other hand, the
study of different hole transport layers (HTLs) different from
Spiro-OMeTAD as the most efficient HTL*™>® has been
mainly based on their degree of hydrophobicity, doping effects,
and efficient and cost-effective hole transfer material. However,
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conventional HTL for the different types of perovskite
compositions despite its high cost. This is because, first, it
has a well-aligned valence band position (—5.2 eV) with
respect to many types of lead perovskite valence bands ranging
from —5.9 to —5.4 eV and different back contacts,” second is
the simplicity of its solution preparation and deposition on the
perovskite layer, and third is its high current density
throughput.”® However, due to its low crystallization temper-
ature and tendency of interaction with the perovskite layer,*
its application as HTL in long-term stable photovoltaics is still
controversial.”"*> Thus, the passivation of the perovskite/HTL
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Figure 1. Reverse—forward JV measurements for (a), (b) fresh and aged (ISOS-D-1) control device, (c), (d) fresh and aged (ISOS-D-1) MoS,-
treated device and (e), and (f) fresh and aged (ISOS-D-1) DTMoS,-treated device, respectively. ISOS-D-1 is the protocol for stability check,
keeping samples in dark and a N, atmosphere with sequential measurements in an ambient atmosphere. CSFAMA perovskite was used for the

fabrication of these devices.

interface has also been done by varieties of interfacial
engineering methods, such as two-dimensional perovskite
layers,33 ligand-based modification,** or even inorganic
materials.” One of the candidates as inorganic HTL for
efficient hole transport is two-dimensional (2D) chalcogenide
MoS, nanosheets.”> MoS, few-layered nanosheets have been
reported to be applied as HTL in normal n—i—p planar
structure by Capasso et al.>° According to this report, MoS,
was used as a compact layer to enhance both the shunt
resistance between the perovskite and Au contact as well as an
efficient hole transfer layer.*® Moreover, it was found that
MoS, increases the stability of the device, although the
efficiency (13.09%) was not superior to the reference device.*®
In another report, Dai et al. have mixed MoS, nanosheets with
a conductive polymer PEDOT:PSS [poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate], leading to a significant
enhancement of the performance of planar perovskite solar
cells up to 16.47%.” In another report, Wang et al. have also
mixed MoS, nanosheets with PEDOT:PSS as HTL in the p—
i—n structure and have obtained an efficiency enhancement of
18.14% compared to the reference report.”® Najafi et al.
applied MoS, quantum dots/graphene hybrids in a meso-
porous MAPbI; (CH;NH,;Pbl;)-based n—i—p structure with
Spiro-OMeTAD as the HTL to achieve an efficiency of 20.12%
for their champion device.”> They have homogenized the
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deposition of HTLs by chemical silanization linkage between
reduced graphene oxide and (3-mercaptopropyl) trimethox-
ysilane to reduce pin holes due to MoS, quantum dot
deposition.” Despite the successful reports on the application
of MoS, nanostructures, the type of perovskite applied for
achieving high efficiencies is limited to MAPDI; in all the
reports.” > This rise from the energy diagram point of view is
because only the valence band of MAPBIL; (—5.4 eV) well
matches the valence band of MoS, (—S.1 eV) and Spiro-
OMeTAD (—5.2 eV). Moreover, the application of lone MoS,
as a complete layer mostly results in low open circuit
voltages.***’

In this work, we employ MoS, nanosheets to increase the
stability, fill factor (FF), and performance of perovskite solar
cells by deposition of a colloidal solution of MoS, nanosheets
on different perovskite compositions cesium formamidinium
methylammonium (CsFAMA triple cations) and formamidi-
nium methylammonium (FAMA double cations). We show
that the colloidal MoS, nanosheets enhance the stability of the
devices while maintaining the V¢ values of the device. In
addition to that, we employ a thiol-based ligand modification
for better linkage between the MoS, nanosheets and the
perovskites to further enhance charge transfer and device
performance. We find that this surface modification using
MoS, nanosheets can be employed for different types of
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perovskites and that it shows promising results for achieving
increased stability of the lead halide perovskite solar cells.

2. RESULTS AND DISCUSSION

The main idea of the current study is to employ MoS,
nanosheets not as mere HTL® but as a modifier of the
perovskite surface in perovskite solar cells to increase charge
extraction from the device and to increase the perovskite/HTL
interface stability. In this work, we focus on the effect of the
interface modifications on the solar cell devices. A detailed
discussion about the structural properties of MoS, nanosheets
and the CsFAMA perovskite layer is presented in the
Supporting Information. We found that drop-casting with a
colloidal solution of MoS, nanosheets results in a decoration of
perovskite films by MoS, nanosheets. Figures S1—S14 show
different characterizations of MoS, and DT ligand-modified
CsFAMA perovskite films (please see the Supporting
Information). Below, we investigate the effect of these surface
modifications on the solar cell performance.

2.1. Solar Cell Devices Based on Triple-Cation
Csp.05(FA0.83MAg.17)0.95Pb(lo 83Bro.17)3 (CSFAMA) Perov-
skite. Solar cell devices based on CSFAMA perovskite with
and without surface modifications with MoS, and MoS, in
combination with DT ligands were compared to investigate
how these modifications affect the device performance initially
and after aging under dark and light conditions.

Figure la—e shows the JV measurements of devices with the
nomenclatures control, MoS,, and DTMoS,, as mentioned in
Figure S1. The control device has the following layers: FTO/
ETL/perovskite/Spiro-OMeTAD/Au, while the MoS,-treated
device has the following layers: FTO/ETL/perovskite/MoS,
modification/Spiro-OMeTAD/Au configuration, and the
DTMoS,-treated device has the following layers: FTO/ETL/
perovskite/DT + MoS, modification/Spiro-OMeTAD/Au.
Figure la,c,e depicts the forward—reverse JV curves under 1
sun illumination of the fresh devices and Figure 1b,d,f shows
the forward—reverse JV curves after 2200 h of ageing
measurements based on ISOS-D-1 stability protocol.”” MoS,-
and DTMoS,-treated fresh devices initially show slightly higher
efficiency than the control device. They also show slightly
higher hysteresis than the control device with nominal values
of 1.46, 2.65, and 1.75% for the control device and the
modified devices with MoS, and DTMoS,, respectively.

All the aged devices after 2200 h show roughly the same
amount of hysteresis reduction compared to their fresh
counterparts. The devices with MoS, and DTMoS, mod-
ification show a higher FF and performance than the control
device, although the control device shows low hysteresis of
0.65%. Moreover, the DTMoS, device shows higher perform-
ance compared to the other devices and less hysteresis (1.26%)
compared to MoS, (1.73%). Table 1 shows the JV parameters
for the best devices. The results show that the higher
performance of the device with DTMoS, modification is
mainly due to an increase of the FF value. Figure S15a shows

Table 1. Device Parameters for the Triple-Cation CsFAMA
Perovskite-Based Devices

device PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
DTMoS, 18.90 75.10 22.75 1.11
MoS, 18.59 74.73 22.78 1.09
Control 18.30 73.15 22.72 1.10

the JV curves of a device fabricated using only DT (1-
dodecanethiol) modification of the perovskite film for
comparison. The results are similar to the control device,
which suggest that the MoS, nanosheets are essential to
improve the device properties. In Figure S15b, the IPCE and
integrated short current density of the fresh cells show roughly
the same values indicating that MoS, nanosheets and ligand
modification do not contribute to the photon-to-electron
conversion. Hence, the improvement of the performance of the
devices with DTMoS, and MoS, should be sought via interface
effects. To examine the stability of the devices, the ISOS-D-1
protocol was performed for 2200 h and then the same devices
were used for light cycling measurements based on the ISOS-
LC-1 protocol according to the consensus statement for
stability assessment.*’

Figure 2a—f shows the comparison of the collected JV
measurement parameters of the devices extracted during 3100
h. The results show that the devices with DTMoS, and MoS,
have enhanced power conversion efficiency (PCE) values
compared to the control device, mainly due to retaining the
FF. It is worth noticing that the devices with MoS, and
DTMoS, do not show any considerable difference in their
performance with time. Thus, a more rigorous stability
protocol was examined to elucidate the interface modification
effects due to the ligand modification in addition to the MoS,.
Light cycling [6 h under simulated 1 sun light-emitting diode
(LED) light in an ambient atmosphere and 6 h in dark kept in
a N, atmosphere] measurement results are indicated in the
hatched rectangular box in Figure 2. The JV measurements for
this part of the experiment were conducted for 900 h, and
during this time, measurements were performed after each
light exposure for continuous 6 h in ambient air and also after
each stabilizing time for 6 h with keeping the devices in dark
and under a N, atmosphere, which is the protocol ISOS-LC-
1.*° In Figure 2, the device with DTMoS, shows the least FF
degradation and consequently least PCE degradation com-
pared to the other devices, but both the device with DTMoS,
and the device with only MoS, have higher device parameters
than the control device. Summarizing the stability measure-
ments, the devices with DTMoS,, MoS,, and the control
device have in average retained 92, 91, and 72% of their highest
efficiency after 2200 h (ISOS-D-1 protocol) and 80, 75, and
55% after light cycling (ISOS-LC-1 protocol), respectively. To
further investigate the stability of the devices, continuous JV
measurements were performed under simulated sunlight at an
ambient temperature and air humidity holding cells at
maximum power point (MPP) according to ISOS-L-1.%

The MPP tracking for 900 s in Figure S16 revealed the
higher stability of the device with DTMoS, in FF, V¢, and Jgc
and consequently PCE of the device. It is worthy to point out
that the device with MoS, also shows higher performance than
the control device. The Vi retaining for both MoS,- and
DTMoS,-treated devices besides FF values could be due to
charge accumulation inhibition and reducing recombination at
the interface of perovskite-HTL,""** and this will be further
studied below. Figure 3a demonstrates the overall statistical
summary of PCE and FF of the devices. The devices with
DTMoS, and MoS, show an obvious narrower range of
statistically distributed data indicating higher median, mean,
and maximum values compared to the control device. Figure
3b also indicates a clear enhancement of device performance
for the DTMoS,-modified device compared to the MoS,-
modified device, summarizing the data collected from ISOS-
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Figure 2. Cell parameters’ tracking including (a) PCE average, (b) PCE maximum, (c) FF average, (d) FF maximum, (e) Js average, and (f) Vo
average through the ISOS-D-1 protocol for 2200 h, followed by the ISOS-LC-1 protocol for 900 h (hatched rectangle area) applied to CsSFAMA
perovskite unencapsulated devices at an ambient atmosphere. ISOS-D-1 is the protocol for stability check, keeping samples in dark and a N,
atmosphere with sequential measurements at an ambient atmosphere. ISOS-LC-1 is referring to the light cycling protocol in which the device is
kept for 6 h under 1 sun simulated LED light in an ambient atmosphere and 6 h kept in dark and under a N, atmosphere. Each data point has been
obtained by averaging four measurements for each cell and among at least six cells of each category.
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Figure 3. (a) PCE and FF summaries of the cell performance for unencapsulated DTMoS,- and MoS,-treated CsFAMA perovskite-based devices
after ISOS-D-1 or ISOS-LC-1 protocols’ tracking, (b) PCE and FF summaries of the cell performance for unencapsulated DTMoS,- and MoS,-
treated CsFAMA perovskite-based devices collected from only ISOS-LC-1 protocol tracking. The whiskers show maximum and minimums in each
range of data, the open box square (black) shows the mean value, and the solid color-dependent line shows the median value.

LC-1 protocol tracking time as indicated by a shaded box in
Figure 2. This indicates that the DTMoS, device is more stable
under light soaking compared to the device with only MoS,
modification. Besides stability enhancement, another aspect
that is concerned in the perovskite solar cell fabrication
especially for the large-scale production purposes is the
pinholes and, for example, cracks on the surface of the
perovskite which cause short-circuiting. A statistical study of
short-circuited cells among all fabricated cells indicates that the
number of short-circuited cells has been reduced by roughly
58% due to DT modification and MoS, drop-casting on the
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surface of the perovskite layer. This result suggests that the
surface modification reduces the problems with short-circuited
cells, which may be important for the large-scale production of
perovskite solar cells.

Figure 4a—h demonstrated the PCE, FF, log—log intensity—
Jsc, and semi log intensity— V¢ plots of the fresh cells and the
aged cells after 2200 h, respectively. The results confirm the FF
enhancement of the devices in the different light intensities,
which is related to reduced recombination.”' Log—log plots of
Jsc versus light intensity and V¢ versus log intensity have
been plotted from 10 to 100 mW cm ™ to extract the exponent
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Figure 4. (a) PCE, (b) FF vs sun intensities for fresh cells, (c) log—log J—V plot, and (d) log intensity—V,. plot of the fresh cells CSFAMA
perovskite-based nonencapsulated devices, and (e) PCE, (f) FF vs sun intensities for aged (ISOS-D-1) devices, (g) log—log J—V plot, and (h) log
intensity—V,_ plot of aged devices after 2000 h of tracking of ISOS-D-1 protocol fabricated with CsSEAMA perovskite.

a value from Jgc = (light intensity)**’ and the diode ideality
factor (n), respectively.*”*’ The small deviation of a from 1
indicates that the Jsc is slightly affected by bimolecular
recombination losses which may originate from the bulk or
surface defects and quality of the perovskite crystal structure.*
Generally, for both fresh and aged cells, all devices show high
values of @ > 0.97, and this deviation is the least for the device
with DTMoS,. The ideality factor is connected to the extent of
trap-assisted recombination losses. The results indicate that the
device with DTMoS, modification has the lowest deviation
from the ideal diode, n = 1. The ideality factor, n, for the
control device has increased from 1.76 to 3.59, while for the
device with DTMoS,, it has only increased from 1.16 to 1.54
after aging. A rough estimation of the total trap densities can
be obtained by space charge limited current density (SCLC)
measurements (see the Supporting Information), and the
results are shown in Figure S17a. The calculated trap densities
obtained from SCLC measurements which are shown in Figure
S17a are 1.95 X 10', 1.72 X 10'%, and 1.55 X 10'® 1/cm” for
the control device and the devices with MoS, and DTMoS,,
respectively.
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To scrutinize more on the trap densities of interfaces due to
the application of MoS, and DT on the treatment of the
perovskite film, Mott—Schottky (MS) plots were extracted
from electrochemical impedance spectroscopy (EIS) measure-
ments in dark and in various voltage biases, and the
capacitance data were extracted at 10 kHz'* (see the
Supporting Information for MS calculation details). MS plots
are shown in Figure S17b, N, and the obtained trap densities
for aged devices (2200 h) at the interface of ETL/perovskite or
perovskite/HTL are 0.76 X 10'¢, 0.51 X 10, and 0.38 x 10'¢
1/cm® for the control device and the devices with MoS, and
DTMoS,, respectively. In analogy with SCLC analyses, the
devices with DTMoS, and MoS, modifications show less trap
densities than the control device. It is worth mentioning that
the ratios of n,, calculated from SCLC measurements for
nB;F},M°SZ/ nfr‘;’}‘f“’l is equal to 0.9, while this ratio from MS
analyses is 0.5. This difference can be interpreted as follows: in
SCLC measurement under the static conditions, both bulk and
interface recombination mechanisms are involved in filling trap
states, while in MS analysis, due to the choice of frequency at
10 kHz, the dominant recombination mechanism is the
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Figure S. (a) Front-backside photographs of the control device and DtMoS,-modified device, (b) two different corresponding cross SEM images of
the control CsSFAMA perovskite-based device, and (c,d) corresponding cross SEM images of the device modified with DTMoS,. The cross SEM
images were prepared after ISOS-D-1 and ISOS-LC-1 protocol measurements of unencapsulated devices.

interface recombination.*”** Hence, the results suggest that

DT and MoS, modifications reduce the trap states at the
interface of perovskite/HTL.*"***

The flat band potential, V};, was calculated from the
intercept of linear fitting from MS analysis to 1.07, 1.03, and
1.05 V for the control device and the devices with MoS, and
DTMoS,, respectively. Similar values were therefore obtained,
although the incorporation of MoS, nanosheets with a
different Fermi level compared to the perovskite and HTL
may be expected to affect the band-alignment.*® To investigate
the effect of MoS, and DT on the energy levels of the resultant
device in more detail, the work functions of the control device
and the device with DTMoS, were measured using Kelvin
probe and compared under dark and light conditions in Figure
S18.

It should be noticed that the Kelvin probe measurement was
performed by a gold tip of width 600 nm, so the work function
measured is not a local but average value because over 600 nm
X 600 nm area, the probe would interact with large numbers of
MoS, crumpled nanosheets. Thus, the Kelvin probe measure-
ments present the average work function of that surface area.
The results show a significant difference between the bare
perovskite film and DTMoS,-modified film, and the average
work function values of —5.02 and —4.67 eV with respect to
vacuum are obtained for the CsFAMA perovskite and
DTMoS,-modified CsFAMA perovskite, respectively.”’ A
rough estimation of the valence band position of bare
CsFAMA perovskite film and DTMoS,-modified perovskite
film can be obtained from the Kelvin probe measurements in
combination with the band gap of the perovskite from the light
absorption spectrum (the perovskite band gap is calculated to
1.65 eV). Assuming the perovskite is close to intrinsic, with a
low number of defects, the Fermi level is expected to be close
to the middle of the band gap, and we can estimate the valence
band position to be —5.8 and —5.5 eV for the bare CsSFAMA
perovskite film and DTMoS,-modified perovskite film,
respectively. With respect to the HTL valence band (—S5.2
eV),"” the hole transfer would be more facile and efficient due
to the change of the valence band position of the perovskite
with DTMoS,.

To investigate the recombination in MoS,- and DTMoS,-
modified devices, square-wave modulated transient photo-
voltage decay under different light intensities were measured at
the frequency of 2 Hz. The data henceforth were extrapolated
by a biexponential decay function according to the previous
reports.”*” The results that are depicted in Figure S19
indicate the increase of both time constants (7, 7,)* for the
devices with DTMoS, and MoS,. The results agree with SCLC
and MS analyses, which also suggested the decrease of

interface states and therefore reduced recombination for the
devices with DTMoS, and MoS,. Chen et al. have concluded
that the recombination processes are due to two major
phenomena. One is the free electron—hole recombination with
a faster time scale and the other one is the ion trapping—
charge recombination which is mostly considered I" and holes
in their report.”” Nyquist plots of the samples have been
plotted in Figure S20a—d. The results may indicate ion
migration hindrance at the interface of perovskite/HTL by
reduction or elimination of negative capacitance for the devices
with MoS, and DTMoS, according to the report of Ebadi et
21,5051

It can be inferred from Figure S20c,d that the control sample
suffers from the negative capacitance in dark measurement
kept at V5 which is not the case for the device modified with
DTMoS,. Figure S20e demonstrates the induced negative loop
for the control device after stability examination according to
the ISOS-LC-1 protocol,”” while the other samples do not
show any negative capacitance and their inductive loop is not
pronounced at the same low frequencies. According to Ebadi
et al.’' and Ghahremanirad et al,>” this negative capacitance
cannot be directly interpreted as the ion or charge
accumulation at the interfaces but they rather state that a
transient current there exists upon slow ion displacement.
However, the high capacitive behavior in low frequencies could
be attributed to modified charge injection processes. This
phenomenon according to Chen et al.*’ has been mostly
attributed to ion-free carrier recombination for that they used a
Warburg element or Gerischer element in their simulations.*’
Therefore, they have attributed the time constant obtained in
dark and under bias-voltage to electron—hole recombination,
while they believe the time constant obtained under sunlight
measurement is related to the ion-carrier recombination.*’ The
comparison of Nyquist plots in dark and at zero bias-voltage
for the control device and the device with DTMoS, shows high
shunt resistance for the device with DTMoS, according to
Albadri et al.”>> The semicircle resistance in dark and zero bias-
voltage if perturbed by small voltage variation (20 mV) can be
interpreted as the shunt resistance.*’ Moreover, a rough
estimation of the fast recombination process can be expressed
as Ty = 1/wlmax(Im(—=Z2))*" or can be extracted from the
log—log plot Bode plot of Im(—2Z). It is plotted for three
samples in Figure S21 measured at 1 sun and V = 0 V. The
results obtained 0.50 X 107 0.61 X 107 and 0.99 X 10™*s
for the control device and devices with MoS, and DTMoS,,
respectively, which is in excellent agreement with photovoltage
decay measurements for simulated 1 sun (Figure S20-inset)
which are 0.48 x 107 0.56 X 107% and 1.04 x 107* s,
respectively. Chen et al. has attributed this time constant
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mostly due to the recombination of free carriers and other
species (ions movement) in the perovskite solar cells.” It
should be noticed that the low impedance value of samples
under sunlight and biased voltages in the low-frequency region
is not related to the charge accumulation according to Ebadi et
al’’ Moreover, the same trend in the high-frequency region is
simply related to the increase of conductivity of the device.”!
Hence, it can be conveyed that the application of DT and
MoS, on the modification of the interface may also have some
effects on ion interaction and migration from perovskite to
HTL and vice versa.

To further investigate the stability enhancement of the
devices, the photographs and their corresponding SEM cross-
sectional images of the unencapsulated device with DTMoS,
and the control device are presented in Figure Sa—d. These
images have been taken from the unencapsulated devices after
ISOS-D-1 and ISOS-LC-1 protocols’ tracking in an ambient
atmosphere and humidity (20—25%). However, on this scale,
we do not observe any significant differences. A more detailed
analysis on a smaller length scale or using other techniques to
specifically address changes at the interface is necessary. We
therefore instead below study the interfaces in more detail
using EIS.

2.2. Interface Studies Using EIS Measurements. Chen
et al. has studied the EIS of perovskite solar cells in (V, I) space
in which they mapped the EIS of cells by a fixed biased voltage
and in different light intensities and then in a fixed intensity
with different applied bias-voltages to the cells.”’” Based on
their reports, the corresponding lifetime for electron—hole
recombination (zyp) is determined by considering both the
lifetime extracted from the dark condition and at open-circuit
voltage (74) and under 1 sun and with zero bias-voltage
(Th‘ght)-49 Then, they are related with the following relation

1 1

—=—+

TaF Tight  Uark (1)

L

where 7yr denotes the relaxation time of free carriers in the
high-frequency region in the simulated circuit and is calculated
directly from 7 = RC of the high-frequency part of the circuit.
Figure S22 shows the fitted curves and Figure S23 depicts their
corresponding simulated circuits for the dark condition, V =
Voc and under 1 sun intensity and V = 0 V. We have used ZW
(Warburg) element and ZG (Gerischer) element in the
simulation, while ZW means that ions first move in the
perovskite bulk to the interfaces then recombine with free
carriers at the interfaces and ZG means that ion movement is
accompanied by continuous free carrier recombination.”” The
result of 7y calculations obtained values of 3.303, 2.706, and
0.356 us for the modified DTMoS, and MoS, CsFAMA
devices and the control CsFAMA device, respectively. This
indicates, higher free carriers’ lifetime in agreement with the
photovoltage decay measurements. To further discuss this
improvement of charge lifetime in MoS,-treated devices, one
has to bear in mind that the increase of charge lifetime in low-
frequency modulated photovoltage measurements is attributed
to the ion movements at the interfaces.”” The presence of DT
ligand and MoS, nanosheets at the interface of perovskite/
HTL has reduced the trap recombination as it has also been
reported for interface passivation of quadruple-cation solar
cells by Albadri et al.>

Many reports have tried to relate the hysteresis of perovskite
solar cells to ion migration and charge accumulation, ™

although Calado et al.** have reported that ion migration
exists even in perovskite with minimal hysteresis. On the other
hand, a broad consensus has been made that hysteresis is due
to mobile ions.>* Recently, it has been suggested that slow ion
migration and its relevant screening field is not responsible for
the hysteresis, but instead, the formation and release of
interfacial charges are the dominant reason.”” Surprisingly,
they have found a time-dependent ion concentration related to
the chemical binding of iodide with Spiro-OMeTAD at the
interface of perovskite/HTL.”” We emphasize that upon
deposition of MoS, interfacial trap passivation results in
enhancement of the device performance,” and an increase in
the hysteresis about 0.6% compared to the control device is
also observable. To explain this phenomenon, we must refer to
the dielectric constant difference between perovskite (47.5)%
and Mo$, nanosheets (4 for E = 1.2 V/450 nm < 0.01 V/A),*’
and high capability of surface polarization of MoS, nanosheets
at their basal planes.”” According to Weber et al,," iodine ion
accumulation on the interface of perovskite/HTL can lead to
an electric field in the opposite direction of external electric
field and can polarize the surface of MoS, nanosheets locating
at the interface with the opposite charge leading to an internal
electric field right at the interface. The JV measurements are
indicating a small decrease of 10—20 mV in Vi in repetitive
measurements of devices with DTMoS, and MoS,, but after
the device relaxation, the original values are recovered. It was
also observed that due to ligand modification, DTMoS, devices
showed slightly higher V¢, and less hysteresis compare to the
device with MoS,. This can be due to better band alignment,
less polarizability of MoS, at the interface, and better
anchoring to the perovskite surface. Another possible scenario
for hysteresis increase with superiority of performance for
MoS,-treated devices can be due to the time-dependent ion
accumulation (within few ms according to Weber et al.*) at
the interface of perovskite/DTMoS, (MoS,)/HTL, and there
is a built-in electric field at both sides of MoS, nanosheets that
causes an increase in the potential barrier for hole injection and
results in an induced hysteresis according to Ebadi et al.>!
Moreover, due to the well passivation of traps at the interface
at the same time, it not only does not affect the performance of
the device but also enhances its stability.”®

Klotz>” has discussed both inductive hook and negative loop
(capacitance) as follows: if the ion migration in the direction of
voltage positively contributes to the performance of the
electrode, a negative low-frequency hook or inductive loop will
appear, but if the ion migration in the direction of voltage
causes the driving forces destructively contribute in the
electrode performance, there will be an additional negative
semicircle to that. Based on this, our results suggest that the
application of DT and MoS, at the interface of perovskite/
HTL suppresses the negative effects of ion migration. In a
parallel interpretation, Ebadi et al.>' have discussed that how
ion pileup on the negative electrode can result in the reduction
of the potential barrier for the electrons and results in
hysteresis in the forward scans as well as negative capacitance
usually observed for SnO,-based ETL devices.”' They have
also emphasized the effect of Bi doping as induction of trap
states at the interface and lowering the resultant work function
and built-in potential that causes an apparent negative
capacitance.”’ In analogy with that, we state that our method
of perovskite surface passivation with MoS, nanosheets and
DT has resulted in the removal of observed negative
capacitance. In addition to that, we can also emphasize that
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Figure 6. (a) Reverse scan J—V measurements of the two-step FAMA-CI perovskite-based devices, and (b) IPCE and integrated short current

density of the corresponding cells.

the local work function increases for DTMoS, devices and
decreases the hole recombination probability as well.

2.3. Solar Cell Devices Based on Two-Step Prepara-
tion of the FAMA-CI Perovskite Film. The results above
were obtained for a CsFAMA triple-cation perovskite
deposited in a single step by the antisolvent injection
technique. However, it is also interesting to investigate if the
MoS, interface modification also improves other types of
perovskite solar cell devices. We have therefore also
investigated the effect of the perovskite interface modifications
on a different type of perovskite abbreviated as FAMA-CI
perovskite prepared using a two-step method (please see the
Supporting Information for the preparation details).

This type of perovskite has been prepared with a two-step
method with no antisolvent involved. The JV curves of the
champion devices with FAMA-Cl perovskite are shown in
Figure 6a. The devices with MoS, and DTMoS, modifications
show higher efficiencies compared to the control device, which
is mainly due to a higher FF (Table 2). Figure 6b shows the

Table 2. Device Parameters for the FAMA-CI Two-Step
High-Efficiency Perovskite-Based Devices

device PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
MoS, 21.80 79.55 25.97 1.04
DTMoS, 20.33 79.16 25.02 1.02
control 20.55 77.43 25.60 1.03

IPCE of the samples and their correspondence integrated
current density, and MoS, and DT are not contributing in the
photon-to-current conversion efficiency, so any enhancement
in the performance of solar cells might be attributed to the
interface modification. To study the stability of the fabricated
devices, the ISOS-D-1 protocol was performed and the
statistical analyses of the cell parameters have been summed
up in Figure 7a—k. Although all devices show high perform-
ance in 1700 h of tracking, detailed analysis on PCE maximum,
minimum, and average as well as FF maximum, minimum, and
average values, and Jgc maximum and average, and Vi average
values were performed to find which factor is the most
influenced due to MoS, and DT modification. The data were
collected for each point by averaging six repetitions of
measurements for each cell among at-least nine cells in each
category.

The results show that the PCE of the device with MoS,
remains above 20%, from 3 days after the cell fabrication. The
device with DTMoS, modification also kept higher average
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and maximum PCE values than the control device. The MoS,-
modified device reached a PCE of 21.8% and a FF of 81%,
while the DTMoS,-modified device obtained a PCE of 20.33%
and a FF of 79.5%. The statistical summaries of PCE and FF
values of the devices are shown in Figure 8. The results suggest
that the devices with MoS, and DTMoS, modifications have
higher performance and stability compared to the control
device, similar to what we observed for the CsFAMA
perovskite devices.

To further check the stability of the devices, MPP tracking
was performed on the unencapsulated second type of devices
for 900 s, and the results are shown in Figure S24. These
results show that the devices with MoS, and DTMoS,
modifications are more stable than the control devices in all
the parameters. The cell parameters were measured under
different simulated sunlight intensities and are displayed in
Figure S24. The PCE and FF values of the devices with MoS,
and DTMoS, modification are frequently higher than the
control device, as shown also in Figure 8 for the champion
devices fabricated by FAMA-CI perovskite.

The ideality factor (n) of the devices was extracted from the
log intensity—V plot, as depicted in Figure S25. It shows that
the device with MoS, modification has the least deviation from
ideal diode behavior compared to the other devices. To
investigate the effect of trap state densities, SCLC measure-
ments were performed for fresh devices and after 1440 h of
ISOS-D-1 tracking, and the results are shown in Figure S26a.
Besides the trap density values, the change in their measure-
ment due to the aging process can be related to the interface
effect of MoS,.

The values obtained from Figure $26a are 0.99 X 10'¢ and
1.16 X 10" 1/cm?® for fresh and aged devices with MoS,
modification, while they are 1.49 X 10'® and 1.78 X 10" 1/cm®
for the fresh and aged control device, respectively. It is also
inferred that the change of trap density is higher for the control
device compared to the device with MoS, modification.

MS analysis was also performed complimentarily, and the
results are depicted in Figure S26b (left axis) included with the
capacitance of the devices (right axis). The trap densities
obtained from the slope of the linear fit of the depletion layer
are 0.96 X 10'® and 0.39 X 10'° for the control and MoS,-
modified devices, respectively. Similarly, as already observed
for the case of CsSFAMA solar cells, the application of MoS, has
had a significant effect on the interface of this type of
perovskite due to the significant decrease in trap densities.

To investigate this effect in more detail, photovoltage decay
measurements were performed in different light intensities and
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Figure 7. Cell parameters’ tracking including (a) PCE minimum, (b) PCE average, (c¢) PCE maximum, (d) FF minimum, (e) FF average, (f) FF
maximum, (g) Jsc average, (h) Jsc average, and (k) V¢ average utilizing performing ISOS-D-1 protocol for FAMA-CI two-step perovskite-based
unencapsulated devices at an ambient atmosphere. Each value has been obtained by averaging five repetitions of measurements for each cell among

at least nine cells in each category.
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Figure 8. Summary of PCE and FF of the control and MoS,- and
DTMoS,-treated devices prepared using the two-step FAMA-CI
perovskite deposition.

the extracted lifetime from a biexponential function fitting are
plotted in Figure S27. MoS,- and DTMoS,-modified devices
show significant improvement in the calculated lifetime
compared to the control device. It is worth noticing that the
device with DTMoS, has the highest value in both time-
constants™® in good agreement with the results of the triple-
cation case. Figure S28 depicts the Nyquist plots of the devices
in different bias-voltages under 1 sun, and dark held at V. As
it has been already discussed by Chen et al.,*’ the impedance
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data in low frequencies (less than 300 Hz) is attributed to the
mechanism of ion migrations inside the device.’”*" As it can
be seen, for the control device, the low-frequency Nyquist plots
at different voltages show more scattered behavior and
negative capacitance which are not observed for the devices
with MoS, and DTMoS, modification. The comparison of
three devices under 1 sun and biased at V¢ in Figure S28
show higher impedance with a clear inductive loop touching
the zero line, indicating very high resistance in the ion transfer
mechanism for the control sample, while the devices with
DTMoS, and MoS, modifications demonstrate a diffusive
behavior in low frequencies.

Moreover, comparison of Nyquist plots of the control
device, the devices with MoS, and DTMoS, modifications in
Figures S20a—d and S28, for CSFAMA perovskite and FAMA-
Cl perovskite, respectively, shows compatible results. Both of
the figures suggest an enhancement of charge extraction and
decrease of resistance by imposing either light intensity or
forward bias. The former increases the number of photo-
generated carriers and consequently the chemical capacitance,
and the Jatter one is due to shifting the Fermi level toward the
conduction band of SnO, and faster charge extraction as it is
stated elsewhere.”” Another major aspect for both types of
perovskites in their corresponding Nyquist plots is that the
control devices for both cases (Figures S20 and $28) in the
low-frequency regime (ion migration regime) do not show a
consistent pattern, while the devices with MoS, and DTMoS,
show almost a linear diffusive behavior. The most interesting
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aspect that is observed from Nyquist plots for the two types of
perovskites at complete chronology in both Figures S20 and
S28 is the trend of decrease of resistance between the three
devices which is R pio > Ryosz > Rporaosz- The reason behind
this fact is suggested that under 1 sun illumination and bias
application, the number of photogenerated carriers increases
significantly, resulting in the increase of the chemical
capacitance. On the other hand, Wang suggested that the
device with a higher hole extraction rate at the interface of
perovskite/HTL own a lower charge accumulation at the
interface of ETL/ perovskite.60 Hence, it results in the decrease
of the chemical capacitance of the device and also the
impedance resistance, in analogy with the MS analyses. Thus,
EIS analyses for both types of perovskites indicate that with
MoS, and DTMoS, modifications, hole extraction at the
interface of perovskite/HTL may be improved and can result
in less charge accumulation.®’

3. CONCLUSIONS

In this work, MoS, nanosheets were introduced as an interface
modifier in perovskite solar cells between the perovskite and
the HTL. The effects on efficiency and stability were
investigated and it was found that both efficiency and stability
are enhanced by this interface modification. Both double-
cation (FAMA-CI) and triple-cation (CSFAMA) perovskites
were investigated together with this interface modification, and
we also investigated the effect of DT as bridging ligand
modification of the perovskite surface before depositing the
MoS, nanosheets. Different methods were used to understand
how the interface modification affects the perovskite solar cell
and why the solar cell performance and stability are enhanced.
From the results, we suggest that the interface modifications
reduce the recombination at the perovskite/HTL interface,
improve hole transport from the perovskite to the HTL, and
reduce ion movement at the interface. This type of interface
modification, therefore, has several positive effects on the
perovskite solar cell device and maybe an important step for
increasing efficiency together with the stability of the
perovskite solar cell devices.

4. EXPERIMENTAL SECTION

Synthesis of MoS, nanosheets and preparation of its dispersion
solution, perovskite, and doped Spiro-OMeTAD solutions’ prepara-
tion, and the characterization methods are described in detail in the
Supporting Information.

4.1. Device Fabrication. 4.1.1. Substrate Cleaning. Standard
conductive FTO glasses (TEC 18, Pilkington) were cut in twin slides
of 2.4 cm X 1.4 cm, and subsequently, 3 mm of one side was etched
using zinc powder and HCl 2 M solution for S min. Then, the
substrates were cleaned and washed using bath sonication in three
subsequent steps by water with 2% volume RBS 50 (Sigma-Aldrich),
acetone, and isopropanol (97%) of Merck Co. each for 30 min,
respectively. Then, the substrates were dried using N, gas blowing,
followed by masking 3 mm of the nonetched side for SnO,
nanoparticle deposition as ETL.

4.1.2. ETL Deposition. The SnO, nanoparticle colloidal solution
was obtained from ALFA AESAR Company [tin(IV) oxide, 15% in
H,O colloidal dispersion]. A diluted solution of water/SnO,
nanoparticles’” solution with a volume ratio of 4:1, respectively, was
prepared. The substrates were UV—ozone cleaned for 25 min. 0.4 mL
of the colloidal solution was spun on UV—ozone cleaned substrates
with 3000 rpm and a ramp-up of 3000 rpm/s for 30 s, and then, the
substrates were placed on a hotplate preheated at 150 °C for 1 h.

4.1.3. Triple-Cation CsFAMA Perovskite Deposition. The deposi-
tion of perovskite layer, MoS, drop-casting, and HTL deposition were

performed in a N, filled glovebox with controlled humidity and
temperature.

Perovskite solution (130 yL) was dropped on the precleaned ETL-
deposited substrates (2.4 X 2.8 cm) by O; which was for 30 min and
subjected to a two-step spin-coating protocol. The first step was at
1000 rpm with an acceleration of 200 rpm/s for 10 s and the second
step was at 6000 rpm with an acceleration of 2000 rpm/s for 20 s. In
the last 5 s of the second step, chlorobenzene (190 uL) was injected
to wash out the solvent and the film turned dark-brown quickly. Then,
the substrates were placed immediately on the adjusted hot plate to
100 °C and were kept for 1 h.

4.1.4. FAMA-CI Perovskite Solution Deposition for Obtaining
High-Efficiency Cells (PCE > 20%). 1.5 M Pbl, was dissolved in a
mixture of dimethylformamide and dimethyl sulfoxide (9:1 volume
ratio) and then stirred at 70 °C overnight. Prepared Pbl, solution was
coated on the SnO, layer at 1500 rpm for 20 s and 5000 rpm for 30 s.
Mixed cation halide solution [FAI (90 mg), MAI (6.5 mg), and MACI
(9 mg) mixed in isopropanol (1 mL)] was spin-coated on the Pbl,
layer at 2000 rpm for 30 s. After finishing the spin-coating, the
perovskite film was taken out to ambient air and annealed at 145 °C
for 25 min. This type of perovskite is named “FAMA-CI” for
discrepancy purposes in the main text.

4.1.5. MoS, Deposition and Ligand-Modified MoS, Deposition
on Perovskite Films. After cooling of shiny perovskite films, the
prepared colloidal solution of MoS, nanosheets was drop-cast in two
sequential steps (optimized condition). For each step, MoS, colloidal
(0.5 mg/mL, 100 uL) was drop-cast while spinning at 3000 rpm for
20 s. To make sure of isopropanol evaporation, 3 min of time interval
was considered between these two sequential drop-casting processes.

For ligand modification of perovskite and deposition of MoS,
nanosheets, a solution containing DT [CH;(CH,),,CH,SH: Adrich]
in isopropanol anhydrous (12 L in 2 mL) was employed. 250 uL of
this solution was spread on the perovskite film for 1 min to
functionalize the surface and then spin-coated at 3000 rpm with a
ramp of 1500 rpm/s for 30 s immediately after its deposition, and two
subsequent MoS, solution drop-casting processes were performed as
explained above.

4.1.6. HTL Deposition. The doped-Spiro-OMeTAD solution (S0
uL) was injected while the film (modified perovskite and bare
perovskite) was spinning at 4000 rpm for 24 s with a ramp-up 4000
rpm/s.

4.1.7. Electrode Deposition. 80 nm of gold was deposited using a
physical vapor deposition instrument with the following protocol: §
nm was deposited with the rate of <0.01 nm/s, then from 5 to 10 nm,
the rate was 0.01 nm/s, and from 10 to 80 nm, the rate was 0.08 nm/
s.
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