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Hybrid perovskite solar cells (PSCs) are promising candidates in exploring high performance flexible
photovoltaics, where a low-temperature-processed metal oxide electron transfer layer (ETL) is highly
preferable. In this work, we demonstrate perovskite solar cells based on inorganic cadmium-sulfide (CdS)
as the electron transfer layer, fabricated using low-temperature chemical bath deposition (CBD) at
<85 °C. We show that natural Cd-doping has been achieved in the perovskite fabricated via a physical—
chemical vapor deposition (P-CVD), which under properly controlled reaction and post-growth
annealing leads to a high power conversion efficiency of 14.68% for the CdS-PSCs on glass substrate.
Then, flexible perovskite solar cells with CdS as the ETL are fabricated for the first time and demonstrate
a high PCE of 9.9%. These results highlight the exciting potential of a low-temperature-processed and
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Introduction

Recently, hybrid perovskites have emerged as a new generation
of photovoltaic materials due to their excellent light absorption
and conversion properties, with a wide absorption spectrum
from 300-800 nm, a high charge carrier mobility (=10 cm®> V™"
s') and a long exciton diffusion lengths (0.1-1.0 pm).*?
Perovskite thin films have been widely used in photodetec-
tors,* light emitting devices,*” lasers® and other photovoltaic
devices,” particularly in solar cells, since Miyasaka's group first
reported the perovskite in 2009." A variety of methods
including solution processing,'>** vacuum deposition**™** and
vapor-assisted solution processing,””* HCVD,** HPCVD,*"**
LPVASP? etc. have been applied to fabricate perovskite films. In
addition, thermal and solvent host-annealing have been also
employed to improve the crystallinity of perovskite absorption
layer.*?* Recently, the power conversion efficiency (PCE) of
PSCs has ramped up rapidly to 20.8%, with a certified PCE
record standing above 22.1%, highlighting the great potential of
perovskite materials in hybrid organic-inorganic photovoltaic
application.>”?®
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readily scalable CdS-based PSC structure in the development of high performance flexible solar cells.

So far, the perovskite photo-electronic devices usually
employed oxides and organic semiconductor materials as elec-
tron transfer layer (ETL),”*”?°2 such as TiO,, ZnO, SnO,, ZrO,,
PCBM, Cgy, which have demonstrated excellent performance.
However, the typical electron transfer layer of mesoporous TiO,
layer requires a high annealing temperature (>450 °C), which
hinders their application in large scale flexible devices. On the
other hand, the stability of perovskite film deposited above ZnO
as ETL layer has been a challenging issue to address.*** Mean-
while, the high cost of high-purity organic semiconductor
electron transfer materials also make them unaffordable to
large scale industrial photovoltaic application.** Very recently,
Ke and Wang employed the SnO, and CeO, as ETL in PSCs via
solution-processed with a PCE of 17.21%, 14.3%, respec-
tively,*>*® however, the processing temperature are near to
~150 °C, which will limit the application in flexible substrates.
WO, and In,O; are also applied in the PSCs for electrons
transportation at a low synthesis temperature with a low PCE of
8.99% and 13.01%, respectively.**®* Therefore, seeking an
alternative electron transfer layer materials, which are stable,
low cost and prepared in a low-temperature process, remains
still as a challenge for developing high performance flexible
perovskite solar cells. To this end, cadmium sulfide (CdS),
which has been widely used in established CdTe*** and
CIGS*"** solar cells, as it can be deposited in a low cost process
with excellent stability and high mobility without any ionic
additives. Notably, CdS film can be deposited via chemical bath
deposition (CBD) at lower temperature without the need of any
annealing or sintering process, making it ideal for flexible
photovoltaics. In this method the CdS film was synthesized as
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the ETL in PSCs via chemical bath deposition process and ob-
tained a high power conversion of 11.2% upon FTO glass
substrates.” Recently, the beneficial effect of Cd-doping into
perovskite thin film has been verified in PSC with CdS as hole
blocking layer, which also helps to achieve a high conversion
efficiency of 15.1%.** However, the advantageous CdS-based
PSCs have not yet been explored for flexible solar cells,
despite their low temperature, low-cost and convenient
processes are all highly desirable features for developing high
performance and scalable flexible applications.

In this work, high quality CdS thin film is prepared via a low-
temperature CBD process (<85 °C) and serves as electron
transfer layer in perovskite solar cells, via a two steps physical-
chemical evaporation deposition (P-CVD) fabrication. Interest-
ingly, the deposition of perovskite during the P-CVD procedure
also promotes the Cd-doping into the perovskite film, enabling
a new control dimension to engineer its conduction band edge
to lower energies. In addition, this P-CVD fabrication procedure
avoid the remnant solvent in perovskite thin film and thus
minimize the metastable phase in the final device, which help
to suppress decomposition and improve the overall device
stability. In this way, we have successfully demonstrated a high
power conversion of ~14.68% with CdS as ETL layer on solid
glass substrate, while this low temperature fabrication is further
explored to demonstrate a flexible CdS-based perovskite solar
cell on PET substrate, for the first time, with an impressive high
PCE of 9.93% under AM 1.5 irradiation.

Experiments

Materials

1. CdS film. The FTO substrates, held by high temperature
adhesives, were immersed into the beaker containing 350 mL
deionized water. And chloride [CdCl,] (2 mM), thiourea
[CS(NH,),] (3 mM), NH,OH (650 mM), and NH,Cl (1.5 mM) were
dissolved in the beaker at 65 °C, successively. The bath was
continue to heat to 85 °C and kept stirring. During the depo-
sition process, the bath was maintained at 85 °C for several
minutes (5-12 min). Finally, the film was cleaned by the ultra-
sonic to remove the loosely adhered CdS particles above the
substrates. Then the FTO/CdS substrates were kept in the
vacuum oven.

2. CH;NH;I (MAI). 10 mL hydroiodic acid (45 wt% in water)
was gradually doped into the three-necked flask with 24 mL of
methylamine (33 wt% ethanol solution) and kept stirring in an
ice-bath for 2 hours. Then the solution was put into a rotary
evaporator and heated to 60 °C to remove the solvent. After-
wards the yellow-colored precipitate was recovered and dis-
solved in beaker with 80 mL of ethanol and precipitated with
the addition of diethyl ether (this process repeat more than
three times). The white powder was obtained after drying at
60 °C in a vacuum oven for 24 h.

3. CH;3NH;PblI; (MAPDIL;). The procedures for the fabrica-
tion of CdS based perovskite films using physical-chemical
vapour deposition (P-CVD) process are schematically illustrated
in the Fig. 1. The PbI, thin film was deposited on the FTO/CdS
substrates by the thermal evaporation in a vacuum system with
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Fig.1 Schematic diagram of CdS-based PSCs deposited by physical—
chemical vapor deposition (P-CVD) process.

vacuum degree of ~7 x 10~ * Pa. The thickness of the PbI, film
with the evaporation rate of ~1 A s~! was monitored by a quartz-
crystal microbalance. After 30 minutes of deposition, we ob-
tained the PbI, film with the thickness of ~200 nm. Then, the
FTO/CdS/PbI, substrates and MAI powder were loaded into the
chemical vapor deposition (CVD) furnace. After pumping for
10 min (~20 Pa), the furnace was heated to 110 °C, and kept for
2 hours in a lower vacuum system. The CH;NH,;Pbl; films were
obtained, after the system cooling to room temperature. Finally,
the perovskite films were rinsed by the isopropanol (IPA) solu-
tion and annealed at 100 °C for 30 min.

Device fabrication

The FTO glasses and PET/ITO flexible substrates (with the size
of 30 x 30 mm) were washed with soap, acetone, ethanol and
deionized water using ultrasonication, respectively. After the
CdS film formed on the FTO substrates, the perovskite
absorption layer was deposited by the P-CVD process. The hole
transfer layer was deposited above the perovskite film by spin-
coated the Spiro-OMeTAD solution (72.3 mg Spiro-OMeTAD
dissolved in the 1 mL of chlorobenzene with the 28.8 L of 4-
tert-butylpyridine and 17.5 pupL of lithium  bis(tri-
fluoromethanesulfonyl)imide solution) at 3500 rpm, 30 s.
Finally, the 120 nm thickness of silver electrode was deposited
on the HTM by thermal evaporation with the active area of 0.09

cm?.

Characterization

The morphologies of the perovskite and CdS thin film was
analyzed by the field emission scanning electron microscopy
(FE-SEM, Sigma Zeiss) and the crystal phase of perovskite and
CdS were identified by X-ray powder diffraction (XRD) utilizing
a Cu Ko radiation, and composition of CdS based perovskite
was analyzed by X-ray photoelectron spectra (XPS, Thermo
ESCALAB 250). The absorption spectrum of perovskite film and
transmission spectra of CdS films were measured by UV-visible
spectrophotometer (UV-2550) and a Hitachi F-4600 fluorescence
spectrophotometer, respectively. The thickness of the CdS film
was performed by ellipsometer (SE400). Photocurrent density-
voltage (J-V) measurements were conducted using a Keithley

This journal is © The Royal Society of Chemistry 2017
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2636 system sourcemeter and a Xenon Lamp Solar Simulator
Equipped with an AM 1.5 irradiation (~100 mW c¢m™?). The
incident photon-to-current conversion efficiency (IPCE) was
tested using Zolix spectrograph, where illumination was
provided by a Xenon lamp, with standard silicon cell as refer-
ence. The bending test of the devices was performed as a func-
tion of the number of bending cycles in an outward direction at
a bending radius of ~8 mm.

Results and discussion

Fig. 2d shows the X-ray diffraction (XRD) patterns of CdS, Pbl,
and perovskite thin film on the FTO substrates. The diffraction
peak at 26 = 27° of CdS is attributed to the CdS hexagonal
structure of (002), while the diffraction peaks at 12.62° of (001),
38.54° of (003), and 52.30° of (004) to PbI, with the hexagonal
structure. Moreover, the typical perovskite (CH;NH3PbI;) peak
is found at 14.07° of (110), and other peaks at 28.36°, 31.82°,
43.14° to the (220), (310), and (330) planes, respectively.
Meanwhile, the absorption spectrum of the perovskite film,
presented in the Fig. 2e, exhibits a wide absorption spectrum
from 300-800 nm, which is beneficial for achieving a strong
absorption of light for photovoltaic applications.*
Furthermore, the morphologies of CdS, Pbl, and perovskite
films are investigated after annealing. As shown in Fig. 2a, the
CdS film is rather uniform and compact upon the FTO substrate
without any discernible pinholes. This is beneficial for the
subsequent Pbl, and perovskite film deposition, and will help
to promote electrons transport. Importantly, the full and
compact coverage by the CdS layer can effectively block the
recombination of the electrons and holes at the interface of the
FTO/perovskite and reduce the leakage. Fig. 2b and S1{ show
the morphologies of nano-crystalline Pbl, with grain sizes of
200-300 nm, which can facilitate the MAI vapour to immerse
into the film and promote a full conversion of the Pbl, layer into
perovskite. After reaction and annealing at 100 °C, the SEM
image of the perovskite film with large grains on the substrates
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Fig. 2 The SEM morphologies of (a) CdS thin film, (b) Pbl, thin film on
the FTO/CdS substrate. (c) Low- and high-magnification of the CHz-
NHsPbls film on the FTO/CdS substrate after annealing. (d) The X-ray
diffraction patterns of FTO (black line), FTO/CdS (pink line), FTO/CdS/
Pbl, (red line) and FTO/CdS/CHsNH=Pbls (blue line). (e) The absorption
spectrum of CHzNHzPbls film (the photograph of perovskite film
shown in inset).
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are shown in Fig. S2.f The morphology change during the
reaction process could be assigned to the expansion and re-
construction of the hexagonal Pbl, structure into the ortho-
rhombic perovskite structure.'”*>*¢ What's more, a typical cross-
section SEM image (Fig. 2e) exhibits a uniform and full coverage
of the perovskite film, with an average thickness of ~350 +
50 nm, upon the FTO/CdS substrates. To investigate the
morphology of perovskite thin film, the surface topography of
the perovskite film is characterized by using atomic force
microscope (AFM). Fig. S3 and S4} present the AFM images of
the CdS and perovskite film over an area of 2 pm x 2 pm and 5
um x 5 pum, respectively. We find that the CBD-processed CdS
film is rather uniform and smooth with a roughness of
~10.5 nm without post annealing, and the perovskite film also
an exhibits excellent thin film uniformity with a lower rough-
ness of ~20 nm, which is an important guarantee to prevent the
formation of electric leakage path in PSCs, a prerequisite for
high efficient solar cells.

Fig. 3a and b show the device structure and the band gap
profile/levels of the CdS based PSCs. In this configuration, CdS
features a broad-band gap ~2.4 eV and a conduction band edge
lying 0.3 eV lower than that of perovskite, which can rapidly
extract electrons to the cathode and effectively block the holes
injection at the CdS/perovskite interface. Then, we proceed to
fabricate CdS-based perovskite solar cell devices with a config-
uration of FTO/CdS/perovskite/Spiro-OMeTAD/Ag. Fig. 3d
shows the photocurrent density-voltage (J-V) curves of the CdS-
based PSCs, with 5 different CdS layer thicknesses from 30 nm
to 120 nm, while their photovoltaic parameters are summarized
in Table 1. When the CdS is too thin of only 30 nm, the PSC
shows a poor contact and low fill factor (FF), and the increasing
of the CdS thickness to 50 nm helps to improve the overall
performance with a higher FF factor to 0.65. However, further
increasing of the thickness of CdS film leads to a significantly
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Fig. 3 (a) Device structure of the CdS based planar PSCs. (b) Energy
level of CdS based PSCs. (c) The transparent spectra of CdS with
different thickness by CBD (CdS thin film on the FTO shown in the inset
photograph). (d) J-V characteristics of CH3;NHzPbls deposited on
FTO/CdS substrates with various thickness of CdS thin film.
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Table 1 Device performance of CdS based PSCs with various thickness of the CdS layer

Time Thickness Voe Jse Ry Rsn
(min) (nm) V) (mA cm™?) FF PCE (%) (Qem?) (Qem?)
5 30 0.96 20.41 0.45 8.92 16.5 258.8
6 50 0.99 20.67 0.65 13.30 8.6 775.2
8 70 0.97 20.38 0.63 12.46 13.9 712.4
10 100 0.91 19.37 0.55 9.77 11.7 589.6
12 120 0.93 17.06 0.54 8.76 12.9 267.7

drop in J,. from 20.67 mA cm ™2 to 17.06 mA cm™ 2 and lower V.
and FF. The performance deterioration can be attributed to the
increasing absorption loses and higher series resistance (R;) in
the thickening ETL CdS layer. This can also be inferred from the
transmission spectra of the CdS layers presented in Fig. 3c,
where for the incident wavelengths from 300 nm to 520 nm,
a thicker CdS film causes a stronger absorption that will reduce
the effective light harvesting in the active perovskite layer.
Therefore, as a trade-off, an optimum CdS film thickness is
found to be ~50 nm (corresponding to 6 min deposition), which
exhibits a high PCE of 13.3% with V,. = 0.99 V, J;. = 20.65 mA
cm %, and FF = 0.65, respectively.

Meanwhile, it is also important to note that, the reaction
temperature of Pbl, and MAI in the CVD process plays a key
role, to some extent, in promoting an in situ Cd-doping into the
as-produced perovskite film. As witnessed from the XPS spectra
of the perovskite film prepared upon CdS thin film, shown in
Fig. 4a-c, the peak at ~404 eV indicates that Cd has diffused
into the perovskite thin film as impurity.** And the two over-
lapping components of Pb 4ds, and Cd 3d;, at 412 eV is
asymmetrical, which suggests that it is formed by several
contributions.” Importantly, the sulfide is not detected in the
film, which indicates that the Cd signal does not come from the
underlying CdS layer, but from the diffused Cd into the perov-
skite film. The j-V curves of such Cd-doped PSCs, deposited at
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Fig.4 The XPS spectra for (a) perovskite film, (b) Cd 3d, (c) S 2p, (d) the
PCE of CdS based (CHsNHszPbls) PSCs on different deposition
temperature.
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different reaction temperatures ranging from 100 to 130 °C, are
displayed in Fig. 4d, where we found that the PSC prepared at
110 °C achieves the highest PCE of 13.3%. This improvement
can be attributed to the fact that an in situ Cd-doping during the
CVD process that can effectively lower the conduction band
edge of perovskite to facilitate electron extraction. However, if
the deposition temperature is too low (to 100 °C), the remnant
PbI, may not be fully converted into perovskite,”® and thus
impedes photocurrent extraction as Pbl, by itself has a wider
bandgap than that of perovskite. But, if an excess amount of Cd
is injected into the perovskite thin film,* happened at higher
temperature, the perovskite will become instable and decom-
pose in a series of three-steps reaction as detailed below.*»*”*

CH;NH;Pbl; + CdS — CH3NH;3I + Pbl, + CdS
CH;NH;1 — CH,NH, + HI
CdS + 2HI — CdI, + H,S

The highest PCE of CdS-based PSC presented in Fig. 5a is up
to 14.68% with the V. of 1.04 V, J,. of 20.76 mA cm ™2 and FF of
0.68. The incident photon-to-current conversion efficiency
(IPCE) spectrum is shown in Fig. 5b. The maximum IPCE of
PSCs reaches over 80% and the integrated current density is
estimated to 18.1 mA cm ™2, which is lower than the J,. from the
J-V curve. In order to further understand the performance of
CdS based PSCs, the typical J-V curves under forward and
reverse scan for the CdS based PSCs are shown in Fig. 5a. The
CdS based PSC presents a high PCE of 13.15% with the V,. =
1.02 V, Jo« = 19.53 mA cm 2, and FF = 0.66 under forward
scanning, which exhibit a little hysteresis in the device, sug-
gesting that CdS film can alleviate the hysteresis effects, which
will be beneficial to its widely application. In addition, the

(?)a ( )100 20
| PSCs deposited at 110 °C =
s 0 sof 3
< —=—MAPbI3 Reverse 15<
% -5 —e—MAPbI3 Forward g - =
Z .10 @ 10
] & 40 9]
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Fig. 5 (a) The J-V curves of the best CdS based PSCs. (b) The IPCE

spectra of best CdS based PSCs.
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stability is also an important aspect for PSCs. For the CdS-based
PSCs, there is no report about the stability of the device in
previous work. And our process provided the stability for the
devices for the first time without particular encapsulation (seen
in Fig. S5t). The device still maintained 11.48% after storing in
the air for 72 h. However, the performance of the devices
dropped significantly due to the Spiro-OMeTAD inevitably
contacted with moisture in the air. But the devices still maintain
30% of the initial efficiencies after 480 h.

Table 2 shows a comparison of our CdS-based PSCs prepared
via a P-CVD to others CdS-based PSCs in the literature.
Comparing to the traditional solution methods, the advantage
of the P-CVD process could be summarized as (i) first, the in situ
growth of a compact perovskite thin film upon CdS ETL layers,
via P-CVD process, can effectively reduce the surface roughness,
the interface defect and suppress the leakage pinholes, which is
critical to achieve to a high photocurrent output; (ii) second, the
CdS deposited on the FTO substrates interface can also
suppress the activation of intrinsic trap sites originating from
the FTO film, as there is no oxygen vacancy in the CdS film,
which can help to reduce the charge-trapping between the
perovskite and the ETL layers.* (iii) Third, during the MAI
deposition process in furnace, there is also an annealing
process for CdS thin film, which can promote the CdS grains to
grow and merge into a compact thin film with higher density
and better conductivity; (iv) the P-CVD procedure relies on
a vacuum system to form perovskite film without extra solvent.
This can prevent the DMF, DMSO and GBL solvent inclusion
that may damage the film quality, and ensure a better crystal-
lization of the forming perovskite grains and eliminate meta-
stable phase in the thin film."”*

As the CdS thin film can be deposited in chemical bath
deposition at very low temperature without the need of high
temperature annealing, the CdS-based PSCs can be prepared
directly upon flexible and large plastic substrates (PET). In
a context of rapidly growing research interests in high perfor-
mance flexible PSC applications,* we develop a flexible perov-
skite solar cell with the CdS as ETL via P-CVD procedure on
flexible PET/ITO substrates. The CdS electron transfer layer is
deposited via CBD at 80 °C, while the perovskite is formed by P-
CVD process also in a relative lower temperature at 110 °C (see
in Fig. S61), with a configuration as illustrated in Fig. 6a.

The J-V curve in Fig. 6b shows that the flexible perovskite
solar cell can achieve a high PCE of 9.93% with a reasonable V.
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Fig. 6 (a) The device structure of the CdS based perovskite planar
flexible solar cells. (b) J-V characteristics of CdS based perovskite
flexible solar cells. (c) The IPCE spectrum of CdS based perovskite
flexible solar cells. (d) Normalized value as a function of number of
bending cycles.

=0.94V, Jo. = 17.65 mA cm ™~ and FF = 0.6, respectively. The
IPCE of the flexible PSC device (with 50 nm thick CdS layer) is
measured and shown in Fig. 6¢c, which exhibits a broad peak
over the spectrum range of 300-800 nm. The solar spectrum
weighted integral of the IPCE response is also calculated to
obtain a photocurrent density J;. of 16.5 mA cm ™2, which agrees
well with that determined by direct -V measurement. Besides,
in order to testify the mechanical stability of the flexible
perovskite solar cell device, the j-V curves recorded after
repeated bending testing to a small radius of 8 mm up to 100
cycles are shown in Fig. 6d. It is interesting to find that the PSC
devices can maintain 49% of its initial efficiency after 100
bending cycles, highlighting the potential of low-temperature P-
CVD fabricated CdS-based PSCs for high performance, low-cost
and durable flexible photovoltaics. It is important to note that,
though the performance of our flexible PSC devices is not as
good as those flexible perovskite solar cells based on organic or
TiO,, ZnO,***>* the very low cost and low-temperature-
processed (<85 °C) CdS ETL layer technology, as well as
a facile fabrication procedure, represent indeed very critical
aspects for large scale implementation of the cost-sensitive
flexible solar cell applications. And there is still plenty of

Table 2 Comparison of the CdS based PSCs to the previous works in the literature

Device Method Vo (V) Jse (MA cm™?) FF PCE (%) Ref.
FTO/CdS/MAPbI;/Spiro-OMeTAD/Ag P-CVD 1.04 20.76 0.68 14.68 Our work
PET/ITO/CdS/MAPbDI;/Spiro-OMeTAD/Ag P-CVD 0.94 17.65 0.6 9.93 Our work
FTO/CdS/MAPDI; Spiro-OMeTAD/Au Solution 1.05 16.14 0.66 11.17 43
FTO/CdS/MAPbI;/Spiro-OMeTAD/Ag Solution 0.98 17.54 0.71 12.2 50
FTO/m-TiO,/CdS/MAPbI;/Spiro-OMeTAD/Au Solution 0.93 17.6 0.7 11.46 54
FTO/CdS/MAPDI;/Spiro-OMeTAD/Ag Solution 1.05 20.6 0.7 15.1 44
FTO/CdS/PbSQDs/MoO;/Ag Solution 0.46 24.8 0.47 5.22 55
ITO/CdS NRs/MAPbI; Spiro-OMeTAD/MoO;/Ag Solution 0.89 18.77 0.499 8.36 56
FTO/CdS NRs/PbSQDs/MoO;/Ag Solution 0.51 23.00 0.42 4.78 57

This journal is © The Royal Society of Chemistry 2017
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room for improvement given further structural and composi-
tional optimization of this new fabrication strategy in future
works.

Conclusions

In summary, we have reported a new flexible perovskite solar
cell fabrication, with low-temperature-processed CdS thin film
as electron transfer layer and via a P-CVD procedure. A para-
metric optimization of the CdS layer thickness and an advan-
tageous in situ Cd-doping of the perovskite thin film leads to
a high PCE of ~14.68% with the V,. of 1.04 V, the ;. of 20.76 mA
em ™2, and the FF of 0.68 on solid substrate. Furthermore, this
lower temperature (<85 °C) procedure also enables us to
implement a flexible perovskite solar cells directly upon plastic
PET substrate, where a high PCE of 9.9% has been demon-
strated, for the first time, for the CdS-based PSC devices. These
promising results indicate that the inorganic sulfur compound
can serve as an ideal low-cost alternative electron transfer layer
material, with an important potential to implement a large-area
and low-temperature fabrication of high performance flexible
photovoltaics.
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