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A B S T R A C T   

In this work, efficient and bending durable flexible perovskite solar cells are obtained by modification of the 
perovskite film surface with 1- dodecanethiol (DT) followed by drop-casting of pre-dispersed thin nanosheets of 
MoS2. Our results show an enhancement in efficiency of the flexible device after the interface modification and 
revealed that the DT and MoS2 modified device recovers completely its initial values of PCE and FF, current 
density, and open-circuit voltage after 300 bending cycles while the standard device resembles only 50% of its 
PCE. Following a standard light cycling protocol for unencapsulated devices, it revealed an apparent PCE drop of 
the standard device up to 32% of its maximum value while the modified device recovers 95% of its highest PCE 
value. Different characterization methods suggest that the surface modification method induces hydrophobicity 
as well as significantly reduces the interface trap density.   

1. Introduction 

Cesium (Cs), formamidinium (FA), methylammonium (MA) triple- 
cation perovskite solar cells have shown a promising capability for the 
fabrication of stable and efficient photovoltaic devices [1,2]. For 
large-scale production of flexible photovoltaic modules for mobility and 
portable purposes, one has to deal with excessive challenges in addition 
to the current hurdles for rigid substrates [3–6], such as large-area sheet 
resistance, moisture resistivity, encapsulation, and bending durability 
[3,6,7]. In addition to the mechanical bending stability, light soaking 
stability or performance stability must also be considered in these types 
of devices [8,9]. Recently, the power conversion efficiencies (PCE) of 
flexible solar cells with the highest values of 19.5% [10] and 20.7% 
(19.9% certified) have been reported [11]. The main issue of the in-
crease of efficiency compared to the rigid counterparts is considered 
mainly to be the short current densities that have been reached roughly 
23.3 mA.cm− 2 compared to rigid perovskite devices with around 26–27 
mA.cm− 2 [6]. From another point of view, many studies have been 
devoted to the enhancement and passivation of interfaces which mostly 

involve the electron transport layer (ETL) passivation and reduction of 
hysteresis and increase of fill factor (FF) values [7,12–15]. Just recently, 
Chung et al. achieved a PCE value of 20.7% with fill-factor 78.7% using 
a porous-planar electron transport layer (ETL) [11]. In another recent 
study, K. Huang et al. have achieved an efficiency of 19.51% on 0.09 cm2 

and fill factor value of 76% with a triple cation perovskite composition 
prepared by two steps spin coating [10]. Cao et al. reported modification 
of the ETL layer by Atomic layer deposition of HfO2 on PEN/ITO sub-
strate followed by deposition of SnO2 nanoparticulated layer followed 
by deposition of quintuple Rb1K4CSFAMA perovskite layer, which 
yielded a PCE of 18.89% and FF of 78.78%. Their PCE record for the 
rigid device was reported 20.52%, which gives 1.63% PCE difference 
between flexible and rigid solar cells [16]. Meiyan Zhong et al. modified 
the ETL using fullerene in the structure PEN/ITO/SnO2/CPTA and for 
the rigid device PCE was 19.14% and for the flexible device PCE of 
18.36%, with a hysteresis of 1.85% [7]. Pandey et al. fabricated flexible 
perovskite devices based on FA0.2MA0.8PbI3 and using 3 wt% of Pb 
(SCN)2 additives to achieve hysteresis-free device with 16.13% PCE for 
their champion device [3]. Feng et al. studied the addition of dimethyl 
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sulfide (DS) additive in the perovskite layer for enhancement of effi-
ciency of their flexible device reaching a PCE of 18.40% and FF of 0.742 
on MgF2/PET/ITO substrates while the rigid counterpart obtained PCE 
of 19.61% [17]. 

Contrary to most reports, few reports have focused on perovskite/ 
hole transport layer (HTL) passivation strategies leading to mechanical 
bending performance enhancement [18] or interface degradation sup-
pression through perovskite/HTL interface passivation [2,19]. They 
have been mostly focused on trap passivation, induced hydrophobicity, 
and the increase of stability of the devices [20–23]. MoS2 nanosheets 
and quantum dots have been employed also as hole extracting layers at 
the interface of perovskite and Spiro-OMeTad [24–27] or in combina-
tion with other HTLs such as P3HT[28], or employed as HTL alone [29] 
or even in a report by Singh et al. has been used as ETL [30]. To the best 
of our knowledge, MoS2 nanosheet applications in perovskite solar celĺs 
fabrication have been mostly based on MAPbI3 as the main absorber 
[24–26,28–31]. We have shown just recently that its application on rigid 
substrates can enhance the stability of multi-cation lead halide perov-
skite solar cells by ligand bridging and interface engineering [27]. The 
combination of MoS2 nanosheets and molecules attached to the perov-
skite has shown to have very promising performance results in standard 
rigid perovskite solar cells [27]. The 2D character of MoS2 nanosheets 
may be of specific interest to make flexible devices, and in this work, we, 
therefore, investigate flexible perovskite solar cells with an interface 
treatment utilizing ligand modification in combination with MoS2 
nanosheets. The interface modification results in remarkable mechani-
cal bending stability as well as light soaking stability performance. Here 
we also show that using this method, the perovskite surface shows a 
dynamic hydrophobic behavior, which is interesting and maybe favor-
able for large-scale flexible solar cell fabrication. 

2. Results and discussion 

Fig. 1-(a) to (c) show the schematic diagrams of the devices fabri-
cated in this study. For more details please see the experimental method 
(Supplementary Information file). Fig. 1a shows the standard (Control) 
device structure, where no interface modification is made. In Fig. 1b the 
perovskite film surfaces are modified by drop-casting of pre-dispersed 
thin nanosheets of MoS2, and in Fig. 1c the perovskite film surfaces 
are modified with 1- dodecanethiol (DT) followed by drop-casting of 
pre-dispersed thin nanosheets of MoS2. 

To evaluate the function of the solar cell devices and the effect of the 
interface modifications, the solar cell performance was measured under 
simulated solar light (1000 W/m2, AM 1.5 G standard spectrum for 
devices prepared according to Fig. 1. A detailed structural analysis of the 

MoS2 nanosheets and perovskite films have been shown in Fig. S1- 
Fig. S6 with their relevant discussion in Supplementary Information file.  
Fig. 2-(a) depicts the forward and reverse JV scans of the Control device 
and the device modified with DTMoS2 with the corresponding cell pa-
rameters. The recorded hysteresis for the DTMoS2 modified device and 
Control device is roughly 1.9% and 1.2%, respectively. It is worth 
noticing that the hysteresis for the device with DTMoS2 modification is 
smaller than other reported flexible solar cells with high backward scan 
efficiencies [12,16]. With DT and MoS2 treatment, the efficiency in-
crease of the resultant device is 1.13% compared to the Control device. 
Fig. 2-(b) shows the external quantum efficiency (EQE) of the flexible 
devices alongside the fabricated cells on glass/FTO substrates for com-
parison. As expected from the absorption of the substrates, the IPCE of 
the flexible devices undergoes a drop-off in the UV region compared to 
the glass/FTO counterparts. Moreover, there is a slight increase in the 
IPCE of DTMoS2 modified devices in the vicinity of 670–740 nm thus 
their integrated photocurrent density can be slightly higher than the 
Control devices for both types of substrates. This could be due to a 
slightly thicker perovskite film or may also be related to the vertical 
absorption of MoS2 thin nanosheets in the region of 620–670 nm due to 
the quantum confinement effect [26,32]. The thin nanosheets of MoS2 as 
shown in Fig. S7-(a) to (c), partially decorate the surface of perovskite 
film, and may result in charge injection in the perpendicular geometry of 
thin MoS2 nanosheets in the visible range of 620–670 nm. 

Fig. 3-(a) illustrates the device parameters in ISOS-D-1 protocol 
tracking for 600 h [33]. It indicates higher stability for the device with 
DTMoS2 modification due to less fill factor degradation. DTMoS2 
modified device shows PCE of 17.7% and fill factor of 74%. Fig. 3-(b) 
shows the stability study of the flexible devices under the ISOS-LC-1 
protocol for 90 h [33]. It clearly shows a degradation of 32% of the 
initial value of the PCE for the Control device while the flexible device 
modified with DTMoS2 shows roughly 95% PCE retaining after 90 h of 
the light cycling. Comparing the device parameters shows that this 
stability enhancement is mainly due to suppression of fill factor decrease 
for the DTMoS2 modified device. To scrutinize more on the performance 
of the devices, the un-encapsulated devices were examined in ambient 
conditions by keeping them as well as measuring their JV in high hu-
midity conditions (75–90%) and 21 ◦C for 100 h and the results are 
plotted in Fig. 3-(c). As seen clearly, the device modified with DTMoS2 
shows superior performance compared to the Control device. This 
enhancement is mostly due to retaining the FF in well analogy with the 
other ISOS protocols performed for the surface modified device 
described above. A recent study revealed that the resultant screening 
field due to slow ion migration is not the dominant factor for the 
degradation of the perovskite solar devices, but, the formation and 

Fig. 1. Schematic of the three types of the devices with the following layering configurations (a) PET-ITO/ETL/perovskite/HTL/Au, (b) PET-ITO/ETL/perovskite/ 
MoS2 nanosheets (drop casting) /HTL/Au, and (c) PET-ITO/ETL/perovskite/ DT (spin coating) + MoS2 nanoseets (drop casting) /HTL/Au. NS denotes to nanosheets 
and DT is 1-dodecanethiol. 
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depletion of the charges at the interfaces are the essential reasons [34]. 
Moreover, a time-dependent ion concentration related to the chemical 
binding of iodide with Spiro-OMeTad at the interface of perovskite/HTL 
has been observed which can result in degradation of a device in long 
time light exposure experiments [34]. Hence, we can deduce that the 
device with DTMoS2 modification has suppressed the interaction of 
migrated ions at the interface of HTL-perovskite in the light cycling 
study. To ensure that the enhancement performance is not due to the 
sole DT ligand, a device was fabricated using the modification of 
perovskite surface by DT with the same volume and concentration used 
for the fabrication of the DTMoS2 modified device. Fig. S8 depicts the 
corresponding JV measurement results for the fresh device and after 
36 h measurements which yielded PC efficiencies of 16.9% and 10.9%, 
respectively. The DT ligand does not show a clear effect on the perfor-
mance of the device, and the combination with MoS2 nanosheets is 
therefore important for improved device properties and device stability. 

To compare the stability of the devices under continuous working 
conditions, Maximum power point tracking (ISOS-L-1) was performed 
on the un-encapsulated devices at ambient atmosphere and humidity 
(25–30%) [33] as shown in Fig. 4-(a). The DTMoS2 modified device 
shows higher retention of all device parameters compared to the Control 
device. Overall statistical comparison of PCE and FF for the device 
modified with DTMoS2 and the Control device have been plotted in 
Fig. 4-(b). It shows that the DTMoS2 device has a higher median, mean 
and maximum values of PCE and FF and narrower distribution due to 
less device degradation. The study of the performance of the devices 
under different simulated sun intensities can obtain information about 
the recombination trap states and diode ideality factor for the fabricated 
cells. In Fig. 5-(a), the flexible device’s performance with their Glass/-
FTO counterparts are also compared for more details. The PCE values for 
different light intensities show excellent stability of PET/ITO device 
with DTMoS2 modification compared to glass/FTO-Control device and 
glass/FTO- DTMoS2 modified device. Only 1% of the difference in power 
conversion efficiency (PCE) of DTMoS2 modified flexible device 
compared to its rigid counterpart device (with glass/FTO as substrate) is 
of significance for the current work and competitive with other 
high-efficiency flexible devices [11]. Moreover, the comparison of FF 
values shows that the DTMoS2 modified flexible device has competitive 
values to devices fabricated on glass/FTO and it is quite comparable 
with flexible devices fabricated using graphene and carbon nanotubes 
with more complex device structures [9]. The slope of log-log JV plots 
indicates the number of bulk trap recombinations as it deviates from 
unity. All devices show high values indicating of high quality of the 
perovskite deposition [35]. Both Control devices show lower α values 
than DTMoS2 devices which might be due to less surface passivation 
[35]. The semi-log light intensity-open circuit voltage plots are also 
shown in Fig. 5-(a). The calculated ideality factor (n) is lowest for 
DTMoS2 devices for both rigid and flexible substrates indicating that 
they contain a lower number of Shockley-Read-Hall (SRH) trap states 
[34]. Fig. 5-(b) also shows the JV measurement comparison of champion 

devices with their corresponding PCE. The data for the device fabricated 
on glass/FTO with modified DTMoS2 has been plotted for comparison. 
The increased short current density of the DTMoS2 modified flexible 
device compared to the flexible Control device agrees with higher IPCE 
values in the range of 670–740 nm as also observed in the IPCE plot 
(Fig. 2-(b)). Fig. 6 elucidates the superior performance of the DTMoS2 
modified flexible device in 300 mechanical bending cycles with a 
bending radius of 6 mm. The interesting fluctuating parameters of PCE, 
FF and VOC for the device modified with DTMoS2 shows the role of MoS2 
nanosheets at the interface of perovskite/HTL layers in retaining the 
initial values. This fluctuation can be due to temporary charges, ions, or 
polarization on the nanosheets during mechanical stress release result-
ing in a drop off of VOC and FF. Similar durability results have been 
reported for polystyrene-doped nano cellular PEDOT: PSS as HTL [36]. 
One of the drawbacks of their report was the mismatch of the work 
function of HTL and perovskite layer causing to decrease in the built-in 
potential and loss of VOC. In this study, using the technique of modifi-
cation of perovskite surface by MoS2 drop-casting, the mechanical stress 
release takes place by MoS2 nanosheets while the built-in potential is 
provided simultaneously by Spiro-OMeTAD as HTL[37]. The higher 
stability of JSC is due to the well-aligned energy diagram in the presence 
of MoS2 as indicated also by Najafi et al. [25]. The average PCE and FF 
are around 16% and 70% for the DTMoS2 modified device, respectively, 
and it does not show any efficiency degradation after 300 cycles while 
for the Control device it has degraded significantly after 220 cycles up to 
48% of its initial PCE. This mechanical tolerance enhancement may be 
due to better charge transfer with MoS2 [25] and also due to the 
observed moisture resistivity enhancement of the perovskite as well. Our 
results are quite comparable with the different flexible device reports 
with both inverted and normal structures [6,16,17,38]. The most 
important factors in the mechanical bending durability of flexible solar 
cells are the increase of trap states and recombinations and carrier 
leakage or decrease of current density due to the cracks in one of the 
layers [5]. To explain the PCE, FF, and open circuit oscillation behavior 
of the modified device in bending cycles, we must refer to the dielectric 
constant difference of perovskite (47.5) [39] and MoS2 nanosheets (4 for 
E < 0.01 V

Å) [40] and high capability of surface polarization of MoS2 

nanosheets at their basal planes [40]. According to Weber and 
co-workers [34], Iodide anions’ accumulation on the interface of 
perovskite and HTL can result in an electric field in the opposite direc-
tion of the external electric field, which may polarize the surface of MoS2 
nanosheets sitting at the interface with the opposite charge leading to an 
internal electric field right at the interface. This may lead also to the 
small built-in potential reduction as observed also from MS analyses. At 
the interfaces of perovskite/DTMoS2 /HTL layers, we expect a built-in 
electric field at both sides of MoS2 nanosheets that may cause a 
change in the open-circuit voltage with bending the device. The built-in 
field may also result in a build up of charges and ions at the interface, 
which has been observed in other devices [41,42]. During the bending 
cycles, the electric field may also be affected by the mechanically 

Fig. 2. (a) JV measurements of champion flexible devices and their corresponding cell parameters, (b) IPCE and calculated short current density of the fresh devices 
on both glass/FTO and PET/ITO substrates. 
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Fig. 3. Comparison of the parameter tracking of Devices‘ performance by (a) ISOS-D-1 protocol, (b) ISOS-LC-1 protocol, and (c) performance tracking of the cells for 
100 h under high humidity exposure (75–90% @ 21 ◦C). 
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Fig. 4. (a) extracted cell parameters for Maximum power point (MPP) tracking of the non-encapsulated flexible devices, (b) comparison of statistical performances of 
Control and DTMoS2 treated flexible devices after ISOS-D-1 tracking protocol. 

Fig. 5. (a) PCE, FF, Log-Log JV plots, and Log intensity-VOC plots versus different light intensities. The values of PCE and FF for DTMoS2 treated flexible device is 
competitive with its glass counterparts (b) The comparison of JV plots of different treated champion devices on both glass/FTO (rigid) and PET/ITO (flex-
ible) substrates. 
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changed surfaces and tension at the surfaces, which, in turn can affect 
the charge accumulation at the interfaces. To pursue in-depth, the effect 
of MoS2 and DT modification at the interface, the density of trap states 
was calculated in virtue of dark JV measurements [43]. 

Space charge limited current (SCLC) measurements are plotted in  
Fig. 7(a). The density of trap states can be derived from Eq. 1: 

VTFL =
qntrapL2

2ϵ0ϵ
(1)  

Where q is the elementary charge, ntrap is the density of trap states, L is 
the thickness of perovskite film, ϵ0 is the vacuum permittivity constant 
and ϵ is the dielectric constant of the triple cations 
Cs0.05(FA0.83MA0.17)0.95 perovskite film (47.5) [39]. VTFL is the intersect 
potential of two linear fits on the log-log dark measured JV plots as is 
depicted in Fig. 7a [43]. 

According to Duijnstee et al. [43], the glass/FTO device modified 
with DTMoS2 shows clearly all the ohmic, space charge limited, and 
trap-filled regions and is presented for comparison purposes. The results 
obtained 1.93 × 1016, 1.70 × 1016 and 1.33 × 1016 1

cm3 for the Control 

device, the flexible devices were modified with DTMoS2 and the 
glass/FTO device modified with DTMoS2, respectively. The result for the 
rigid device is also in very good agreement with our recent study on the 
glass/FTO substrates [27]. 

To investigate the enhancement of device performance due to 
interface modification by DT and MoS2 modifications, Mott-Schottky 
(MS) analysis was performed by impedance spectroscopy of devices in 
dark and in various biased voltages. The capacitance values were 
extracted at 10 kHz the interface’s (depletion layer) capacitance was 
calculated using Eq. 2: 

C =
1

ω × Im(Z)
(2)  

Where C is the capacitance, ω is the frequency and Im(Z) is the imagi-
nary part of impedance [44]. 

The Mott-Schottky equation then states in Eq. 3 [44]: 

C− 2
dl =

2(Vbi − V)

qϵ0ϵN
(3) 

Fig. 6. The cell parameters for bending tolerance cycles of the treated cells by DTMoS2 and untreated cell (Control) after continuous 300 cycles (The bending radius 
was 6 mm). 

Fig. 7. (a) SCLC dark measurements, and (b) Mott-Schottky plots of untreated (Control), MoS2 treated and DT plus MoS2 treated flexible devices.  
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Where Cdl is the capacitance of the depletion layer (dl) which is very 
important in the validity of MS analysis [44], and Vbi is the built-in 
potential that is related to the flat band extension in the energy dia-
gram at the interface of the perovskite layer [45]. V is the DC applied 
voltage, q is the fundamental charge of an electron, ϵ0 is the vacuum 
permittivity constant and ϵ is the dielectric constant of the triple cations 
Cs0.05(FA0.83MA0.17)0.95 perovskite film (47.5) [39], and N is the density 
of trap states in 1

cm3. The value obtained from the linear slope of MS plots 
from Fig. 7-(b) are 0.91 × 1016, 0.61 × 1016, and 0.55 × 1016 1

cm3, for the 
Control flexible device, the flexible devices with MoS2 and DTMoS2 
modifications, respectively. Here MoS2 modified flexible device has 
been plotted for comparison. A more significant decrease in the trap 
state density can be observed from MS analysis rather than from SCLC. It 
could be related to the fact that MS analysis is a frequency 
response-dependent measurement based on the specification of chosen 
frequency. According to numerous literature [44,45], 10 kHz is the 
frequency that the interface capacitance is measured, and geometrical 
(charge) capacitance of the device is measured in much higher fre-
quencies. Hence, one can conclude that the DTMoS2 modified flexible 
device shows reduced interface trap density compared to the Control 
device, similar to what has been observed for rigid devices [27]. To 
study deliberately the impact of trap state passivation on the perfor-
mance of the devices, detailed photo-voltage decay measurements and 
EIS analysis were performed and the results are discussed in detail in 
Fig. S9, Fig. S10 and Fig. S11, respectively, in Section 3 and Section 4 of 
the Supplementary information file. As it can be seen, the carrier lifetime 
for the PET/ITO/perovskite/DTMoS2 device is higher than for both the 
PET/ITO/Control and glass/FTO/Control devices. It therefore, confirms 
the effective interface passivation due to the deposition of MoS2 nano-
sheets after DT modification for the flexible device. 

3. Conclusion 

In this work, flexible triple-cation perovskite solar cells were fabri-
cated on PET/ITO substrates by an additional modification step on the 
surface of perovskite film. For this modification, 1-dodecanethiol (DT) 
and MoS2 thin nanosheets were spin-coated on the perovskite surface, as 
functionalizing agents and modifier additives. Device performance in-
vestigations including mechanical bending, current-voltage (JV) 
tracking, maximum power point tracking, and light cycling revealed a 
clear enhancement of device performance and stability due to the DT 
and MoS2 modifications. Different characterizations such as impedance 
spectroscopy, dark JV measurements, and photo-voltage decay suggest a 
significant reduction of trap densities due to the interface modifications. 
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