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Doping PEDOT:PSS with cesium chloride for
enhancing the performance of perovskite
solar cells
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Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is the most commonly used hole
transport layer (HTL) material in perovskite solar cells (PSCs) due to its high visible light transmittance,
excellent solution processability, and wettability suitable for top perovskite formation. The presence of
surface defects in PEDOT:PSS films decreases the photoelectric conversion efficiency (PCE) and long-
term stability of PSCs. These defects lead to the formation of pores in the growth of perovskite films on
PEDOT:PSS, impeding the extraction and transfer of effective charges. Therefore, in this article, cesium
chloride is doped into PEDOT:PSS to enhance its surface morphology, reduce surface roughness, improve
the quality of sulfide thin films, promote charge transfer ability between interfaces, enhance conductivity,
reduce non radiative recombination of the device, and improve the photovoltaic performance of the
device. The open circuit voltage (Voc) increased from 1.00 V to 1.02 V, the short-circuit current (Jsc)
increased from 21.04 mA cm™2 to 21.72 mA cm™2, the fill factor (FF) increased from 77.90% to 82.04%,
and the PCE of MAPbIs_,Cl, PSCs increased from 16.39% to 18.18%. Specifically, when using cesium

rsc.li/frontiers-materials

1 Introduction

Because of the high absorption coefficient, long diffusion length,
and high carrier mobility, organic-inorganic hybrid perovskites are
frequently utilized in light-emitting diodes, photodetectors, and
perovskite solar cells (PSCs)."” Since its initial report in 2009, the
photoelectric conversion efficiency (PCE) of PSCs has increased
dramatically. At this time, it is extremely similar to conventional
monocrystalline silicon solar cells. Therefore, PSCs have great
potential for commercialization in the future.>** The hole trans-
port layer (HTL) plays an important role in PSCs, and commonly
used HTL PEDOT:PSS is one of the most widely used hole
transport materials in the HTL of PSCs due to its advantages of
low-temperature preparation, low cost, and high transparency.'>

However, PEDOT:PSS has issues with conductivity and
acidity."”° Researchers have conducted many studies to try to
solve these issues. Zhao et al.*' prepared potassium thiocyanate
(KSCN) film by adding KSCN to a PEDOT:PSS solution diluted with
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chloride-doped PEDOT:PSS as the HTL, the PCE of the Sn-Pb PSCs increased from 19.49% to 21.44%.

dihydrate in a volume ratio of 1:1. By inhibiting charge recom-
bination, promoting carrier transport, lowering the hysteresis
effect in PSCs, and increasing the electrical conductivity of HTLs
made with the diluted PEDOT:PSS solution, the KSCN addition
can improve device performance. Yang et al.>*> employed argi-
nine as an additive in the PEDOT:PSS solution to adjust the
pH value from 3.70 to 6.80. The inclusion of arginine improved
the PCE from 15.06% to 17.35%. So, it is necessary to improve
the surface morphology of PEDOT further: PSS will improve the
quality of the chalcogenide film and the performance of PSCs.
Consequently, it is essential to further enhance the surface
morphology of PEDOT:PSS, as this will contribute to the
improvement of the quality of the chalcogenide film and the
performance of PSCs.*?

This work describes the use of cesium chloride (CsCl)
doping in PEDOT:PSS as an HTL for PSCs, which improves
the surface morphology of PEDOT:PSS, increases the grain size
of perovskite formed on PEDOT:PSS, and reduces non-radiative
complexation, thus improving the charge transfer and extrac-
tion of perovskite to the HTL. In chalcogenide solar cells with
the structure of ITO/CsCI-PEDOT:PSS/MAPbI;_,Cl,/PCBM/BCP/
Ag, the filling factor (FF) and photovoltaic conversion efficiency
were successfully increased. For chalcogenide solar cells with
the structure ITO/CsCI-PEDOT:PSS/MAPbI;_,Cl,/PCBM/BCP/
Ag, the PCE and FF were successfully raised.
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In the meantime, the chalcogenide solar cell with the
structure of ITO/CsCl-PEDOT:PSS/(FASnI;), ¢(MAPbI;), 4/PCBM/
BCP/Ag was also doped with CsCl in the PEDOT:PSS HTL. This
resulted in a significant increase in the device’s photovoltaic
conversion efficiency and an improvement in its FF. According to
the results, MAPbI; ,Cl, and (FASnl;),¢(MAPDI;), 4 chalcogen-
ide solar cells can both benefit from the use of CsCl doped
PEDOT:PSS as an HTL, offering a straightforward and efficient
technique.

2 Experiments
2.1. Materials

Lead iodide (Pbl,, 99.99%), formamidinium iodide (FAI, 99.90%),
and tin(v) iodide (Snl,, 99.99%) were purchased from Advanced
Election Technology Co., Ltd (China). Tin(u) fluoride (SnF,,
99.00%) was purchased from Aladdin, and the lead thiocyanate
(Pb (SCN),, 99.00%) was purchased from Sigma-Aldrich. Lead
chloride (PbCl,, 99.99%), methyl ammonium iodide (MAI, 99.50%),
poly(3,4-ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSS
(4083) 1.3-1.7%), [6,6]-phenyl Cg; butyrate methyl ester (PC¢BM,
99.00%), bath copper (BCP, 99.00%) and silver (Ag, 99.99%) were
purchased from Xi’an Polymer Light Technology Corp (China).
Cesium chloride (CsCl, 99.00%), N,N-dimethylformamide (DMF,
99.90%), dimethyl sulfoxide (DMSO, 99.70%), chlorobenzene (CB,
99.90%), and ethanol (He, 99.90%) were purchased from J&K
Scientific (China).

2.2. Sample preparation

Preparation of perovskite solar cell devices with ITO/CsCl-
PEDOT:PSS/MAPbI;_,CL/PCBM/BCP/Ag and ITO/CsCI-PEDOT:
PSS/(FASnI3)y (MAPDI;), 4+/PCBM/BCP/Ag structures.

(1) Preparation of the HTL: firstly, prepare PEDOT:PSS stock
solution and deionized water in a volume ratio of 1:4 and filter
for later use. Then, weigh 0 mg, 0.25 mg, 0.5 mg, and 0.75 mg of
the corresponding cesium chloride and dissolve them in 1 mL
of PEDOT:PSS solution to prepare CsCl PEDOT:PSS solutions
with concentrations of 0 mg mL ™", 0.25 mg mL ", 0.5 mg mL ™",
and 0.75 mg mL ', respectively. Use a pipette to transfer 40 uL
of CsCl PEDOT:PSS solution of different concentrations at a
speed of 6000 rpm onto four cleaned ITO substrates. After spin
coating for 40 seconds, anneal at 130 °C for 20 minutes.

(2) MAPbI;_,Cl, perovskite layer: the drugs MAI (222.30 mg),
PbI, (580.90 mg) and PbCl, (38.90 mg) were weighed and
dissolved in a solvent mixture of 1 mL of DMSO and DMF in
a volume ratio of 9:1, and dissolved with stirring at room
temperature to make a solution of perovskite precursor that
was filtered and set aside. The prepared perovskite precursor
solution (35 pL) was spin-coated onto the HTL at 400 rpm and
4000 rpm for 3 s and 30 s, respectively, and CB (80 pL) was
dripped onto the substrate at the 12th s during the dynamic
spin-coating process. The substrate was then heated on a
heating stage at 50 °C for 2 min, followed by 30 min on a
heating stage at 85 °C.
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(3) Preparation of the (FASnlI3), ¢(MAPDI;), 4 perovskite layer:
the drugs FAI (371.46 mg), Snl, (804.63 mg), MAI (228.90 mg),
Pbl, (663.86 mg), SnF, (33.84 mg), and Pb (SCN), (46.56 mg)
were weighed and dissolved in 1 mL of a DMF:DMSO mixture
with a volume ratio of 4:1 and stirred overnight at room
temperature, and filtered for later use. Then 35 pL of the
perovskite precursor solution was pipetted and spun at 400 rpm
for 3 s and then spun-coated at 6000 rpm for 30 s. During spin-
coating, 80 pL of CB was pipetted and dripped onto the spinning
substrate at the 15th s. The substrate was then heated for 2 min
on a heating stage at 50 °C and then transferred to a heating stage
at 85 °C for further heating for 30 min.

(4) Preparation of an electronic transport layer: to make a
20 mg mL~" PCBM solution, weigh 20 mg of PCBM dissolved in
1 mL of CB; to make a 0.50 mg mL ™' BCP solution, weigh
0.50 mg of BCP dissolved in 1 mL of ethanol; filter and set
aside. After the perovskite film was cooled to room tempera-
ture, 35 uL of 20 mg mL ™' PCBM solution was taken and spin-
coated at 5000 rpm for 30 s. The substrate was then passed out
of the glove box into a moisture-proof cabinet for 30 min for air
oxidation. And then passed back into the glove box, and 35 pL
of 0.50 mg mL~" BCP solution was taken and spin-coated at
2000 rpm for 30 s on the PCBM film.

(5) Preparation of the silver electrode: the substrate was
placed on a mask plate passed from the glove box to the
vacuum chamber and 60 nm silver electrodes were deposited
using thermal evaporation.

2.3. Device characterization

The current density voltage (J-V) characteristics are measured
by a Keithley 2400 source measuring instrument under
100 mW cm™ 2 analog light (AM 1.50G). The roughness, crystal,
and morphology characteristic of the film were investigated by
atomic force microscopy (AFM, CSPM5500), an X-ray diffraction
system (XRD, RigakuD/MAX2500PC) and field emission scanning
electron microscopy (SEM, HITACHI Regulus8220), respectively.
The absorption of perovskite thin films was tested using UV
visible absorption spectroscopy (UV-8000S), and elemental studies
were conducted using X-ray photoelectron spectroscopy (XPS
Thermo Scientific™ Nexsa™). The steady-state photolumines-
cence (PL) spectra were measured with an LS-50B luminescence
spectrometer (PerkinElmer). Electrochemical impedance spectro-
scopy (EIS) is obtained by applying a bias voltage of 0.80 V in the
dark (model 660D, Shanghai Chenhua Instrument Co., Ltd,
China). In the glove box, space charge limited current (SCLC),
light intensity effect, and conductivity were measured using a
Keithley 2400, while the dark current was tested in a dark
environment.

3 Results and discussion

Cesium chloride-doped PEDOT:PSS was used as the HTL of
the perovskite solar cell (the CsCl doping concentration of
0.50 mg mL™"' is noted as CsCI-PEDOT:PSS). To investigate
whether CsCl is doped into the original PEDOT:PSS, X-ray
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photoelectron spectroscopy (XPS) analysis was performed on
PEDOT:PSS and CsCI-PEDOT:PSS, as shown in Fig. 1a. In the
Cs(3d) orbital, no spurious peaks were detected in PEDOT:PSS,
whereas CsCI-PEDOT:PSS showed two distinct characteristic
peaks of 3d;,, and 3ds, of the Cs element, which demonstrated
that PEDOT:PSS was successfully doped with CsCl. In addition,
the S(2p) and O(1s) orbitals of ITO/PEDOT:PSS and ITO/CsCl-
PEDOT:PSS were also tested, as shown in Fig. 1b and c. After
CsCl doping with PEDOT:PSS, the PEDOT and PSS chains
underwent corresponding changes. For the S(2p) orbital, the S
element in both the PEDOT and PSS chains shifted towards
smaller binding energies. For the O(1s) orbital, the peak is
divided into two parts; the higher binding energy is asso-
ciated with PEDOT, and the lower binding energy is asso-
ciated with PSS, and the O(1s) binding energy peak associated
with PSS is shifted to the lower binding energy after CsCl
modification.

To study the surface morphology of the films, AFM tests
were performed on the PEDOT:PSS and CsCI-PEDOT:PSS hole-
transporting layers, as shown in Fig. S1 (ESIt), the roughness of
the PEDOT:PSS layer was 6.15 nm, and that of the CsCl-
PEDOT:PSS was reduced to 4.21 nm, the reduction in surface
roughness of the hole transport layer is beneficial for better
contact between the perovskite layer and the PEDOT:PSS layer,
thereby promoting the transport of electron hole pairs at the
interface layer and further enhancing the carrier transport
ability. To explore this conclusion, further tests were conducted
on PEDOT:PSS/MAPbI;_,Cl,. The AFM of the CsCI-PEDOT:PSS/
MAPDI; ,Cl, layer, as shown in Fig. 2(a) and (b), shows that the
roughness of the CsCl-PEDOT:PSS/MAPbI;_,Cl, layer is 20.8 nm,
which is lower than that of the PEDOT:PSS/MAPbI;_,Cl, layer
(24.4 nm). The results showed that the roughness of the doped
perovskite film was significantly reduced, indicating that the
doped PEDOT:PSS is more conducive to the crystallization of the
perovskite, reducing the surface roughness of the perovskite layer
and promoting the interface contact between the perovskite layer
and the electron transport layer. The three-dimensional graphics of
the perovskite film are shown in Fig. S2(a) and (b) (ESIt), which
can more intuitively demonstrate that after cesium chloride dop-
ing, the crystallinity of the perovskite film is better, the surface of
the film is smoother, and the charge transfer ability between the
perovskite layer and other interface layers is promoted.
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We utilized scanning electron microscopy (SEM) to charac-
terize the morphology of perovskite films on PEDOT:PSS and
cesium chloride-doped PEDOT:PSS substrates to be better
examine the impact of cesium chloride-doped PEDOT:PSS on the
morphology of the perovskites, as illustrated in Fig. 2c and d. After
doping CsCl, the surface roughness of PEDOT:PSS decreases, and
the defects and pores on the material surface decrease, directly
leading to a reduction in non-radiative recombination centers,
which reduces the non-radiative recombination of the device and
enhances the carrier transport ability. The probability of them
being captured decreases, resulting in a reduction in the capture
cross-section. Fig. 2e and f represent the particle size analysis of
the cesium chloride-doped perovskite film in PEDOT:PSS, which is
more compact and uniformly structured. In comparison with
PEDOT:PSS/MAPbI;_,Cl, particles (311.01 nm), the particle size
of CsCI-PEDOT:PSS/MAPbI; ,Cl, is larger, being 330.64 nm. The
single grain in the perovskite film can directly contact the HTL and
the electron transport layer. The increase in grain size and crystal
quality of the perovskite layer is beneficial for PSCs to better extract
and transport electrons. Characterization of the XRD patterns of
PEDOT:PSS/MAPbI, ,Cl, and CsCl-PEDOT:PSS/MAPbI, ,Cl, thin
films is shown in Fig. S3 (ESIt). PEDOT:PSS/MAPbI; ,Cl, and
CsCI-PEDOT:PSS/MAPbI;_,Cl, films exhibit characteristic peaks
corresponding to the (110), (220), and (310) crystal planes at
14.14°, 28.48°, and 31.90°, indicating that the prepared films are
indeed perovskite films with excellent crystallinity, which is in line
with the SEM test results. Furthermore, following CsCl doping, the
perovskite layer’s UV visible absorption spectrum is essentially the
same between 500 and 900 nm; Fig. 2¢g illustrates that the UV
visible absorption spectrum of CsCl-PEDOT:PPS/MAPbI;_,Cl,
increases at 450 and 500 nm.

The steady-state PL of PEDOT:PSS/MAPbI; ,Cl, and CsCl-
PEDOT:PSS/MAPbI;_,Cl, is presented in Fig. 2h. At the same
excitation intensity, the PL intensity of CsCI-PEDOT:PSS/
MAPbDI;_,Cl, is lower than that of PEDOT:PSS/MAPbI;_,ClL,.
This indicates that after doping PEDOT:PSS with cesium chlor-
ide, the hole extraction rate of the interface layer significantly
increases, the carrier transport ability is enhanced, and the
electron hole recombination ability is reduced.”*>*

Therefore, devices with the structure of ITO/CsCI-PEDOT:
PSS/MAPbI; _,Cl,/PCBM/BCP/Ag, which were doped with CsCl
at concentrations of 0 mg mL™ ", 0.25 mg mL™ ", 0.50 mg mL ™,
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Fig. 1 High-resolution XPS spectra of (a) Cs(3d), (b) S(2p), and (c) O(1s) for the PEDOT:PSS and CsCl-PEDOT:PSS films.
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Fig.2 AFM of (a) PEDOT:PSS/MAPbIs_,Cl,, and (b) CsCl-PEDOT:PSS/MAPbIs_,Cl,; SEM of (c) PEDOT:PSS/MAPbIs_,Cl, structure, and (d) CsCl-

PEDOT:PSS/MAPbIs_,Cl,; grain analysis of () PEDOT:PSS/MAPbIs_,Cl,, and
steady-state fluorescence spectrum.

and 0.75 mg mL ™, were prepared separately, as illustrated in
Fig. 3a. Their photoelectric performance was tested under AM 1.5G
illumination at 100 mW cm ™2, and the J-V is shown in Fig. 3b and
Table 1. The optimal performance of PEDOT:PSS PSCs is character-
ized by a PCE of 16.39%, an open circuit voltage (Voc) of 1V, a
short-circuit current ( Jsc) of 21.04 mA cm 2, and a fill factor (FF) of
77.90%. The optimal performance of PEDOT:PSS doped with CsCl
(doping concentration of 0.50 mg mL™") increased the PCE to
18.18%, the Vg to 1.02 V, the Jsc to 21.72 mA cm ™2, and the FF to
82.04%.

To verify the feasibility and repeatability of the data, we
prepared 20 sets of perovskite solar cell devices with CsCl doping
concentrations of 0 mg mL ™', 0.25 mg mL ", 0.50 mg mL ™', and
0.75 mg mL ' under the same conditions, and conducted
data statistics on PCE, Vo, Jsc, and FF, as shown in Fig. 4 and
Table S1 (ESIT). It can be concluded that the performance of

(@

(f) CsCIl-PEDOT:PSS/MAPbIs_,Cl,; (g) ultraviolet absorption spectrum; (h)

Table 1 Performance parameters of inverted PSCs fabricated based on
varying concentrations of CsCl

Device (mg mL™") Voo (V)  Jsc (mAcem™2)  PCE (%)  FF (%)
0 1 21.04 16.39 77.90
0.25 1.02 22.38 17.84 78.16
0.5 1.02 21.72 18.18 82.04
0.75 1 21.31 17.09 80.20

PSCs doped with CsCl at a PEDOT:PSS concentration of
0.50 mg mL " is optimal, with maximum PCE, Vo, Jsc and FF
values of 18.18%, 1.04 V, 22.26 mA cm 2, and 82.04%, respec-
tively. In contrast, the maximum PCE, Vg, Jsc, and FF values of
PEDOT:PSS devices are 16.39%, 1.02 V, 21.04 mA cm 2, and
79.97%, respectively.
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corresponding equivalent circuit; (b) /-V curve with ITO/PEDOT:PSS/Ag and ITO/CsCl-PEDOT:PSS Ag structure; light intensity dependence of the PSCs
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The EIS of the PSCs was measured to investigate the charge
recombination of PSCs devices. The corresponding Nyquist plot
and equivalent circuit (inset) are shown in Fig. 5a, where R,
represents the transfer resistance and R.. represents the
recombination resistance. The CsCl-doped device has the same
transfer resistance as the original device, but its composite
resistance value is significantly higher than that of the original
device. When the composite resistance increases, it indicates
that the charge recombination rate of the device decreases, the
nonradiative recombination ability weakens, and the carrier
transport ability of the device increases. At the same time, the
electrical properties of the devices with structures of ITO/
PEDOT:PSS/Ag and ITO/CsCI-PEDOT:PSS/Ag were tested, and
their -V curves are shown in Fig. 5b. The conductivity of the
devices doped with CsCl is higher compared to the original
device, and higher conductivity is conducive to charge extrac-
tion and transmission, consistent with impedance spectro-
scopy analysis. The increase in conductivity indicates that in
doped devices, more electrons can be excited into the conduc-
tion band, resulting in an increase in electron density of states.
There are more available states in the energy band to accom-
modate additional electrons, thereby enhancing the electron
capture ability and promoting effective charge extraction and
transfer. At the same time, the reduction of surface defects in
the SEM images also confirms this fact. When the defects
decrease, the electron affinity increases and the PCE improves.
The increase in electron affinity makes it easier for electrons to
be extracted rather than captured, further reducing the occur-
rence of non-radiative recombination.

The defects within the device can influence the charge
transfer and recombination of photo-generated carriers. To
further investigate the defect-assisted recombination of the
device, the Vo and Jsc were tested as a function of the solar
simulator illumination intensity (0.10, 0.16, 0.32, 0.50, 0.63,
0.79, 1.00 sun). As shown in Fig. 5c, the relationship between
the Voc and the logarithm of different incident light intensities
is linear.>®

dVoc _ nKT
a(nl) ¢ (1)

Among them, I, K, T, q, and n represent the light intensity,
Boltzmann constant, absolute temperature, fundamental
charge, and ideal factor, respectively. When the slope of the
fitted line approaches 1 KT/g, it indicates that trap-assisted
recombination in the device can be ignored. As shown in
Fig. 5c, the slope value of the PEDOT:PSS device is 1.35 KT/q,
whereas the slope value of the CsCI-PEDOT:PSS device is
1.32 KT/q. This result indicates that trap-assisted recombination
is effectively suppressed in the CsCl PEDOT:PSS device, promot-
ing charge extraction. As shown in Fig. 5d, on the logarithmic
scale, there is a linear relationship between the Jsc and different
incident light intensities (Jsc oc I”).>” The efficiency of the device
is close to 1, indicating that the bimolecular recombination
of the device can be ignored. The o of the PEDOT:PSS device
is 1.0594, and the o of the CsCI-PEDOT:PSS device is 1.02979.
In PEDOT:PSS devices, a higher « value suggests that the
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space charge effect within CsCI-PEDOT:PSS devices is
suppressed.

The J-V characteristic curves of PSS devices under dark
conditions based on PEDOT:PSS and CsCI-PEDOT:PSS are
shown in Fig. 5e. The device based on CsCI-PEDOT:PSS has a
significantly lower dark current density in the low voltage region
compared to the original device, indicating that the doping of
CsCl suppresses leakage current and improves carrier transport
efficiency. Further research was conducted on the doping of
CsCl to analyze the defect density of perovskite thin films. SCLC
tests were performed on pure hole devices ITO/PEDOT:PSS/
MAPbI,_,CL/PTAA/Ag and ITO/CsCl-PEDOT:PSS/MAPbI;_,Cl,/
PTAA/Ag, as shown in Fig. 5f. The density of defect states in
PSCs can be calculated using the following formula:*®

VreL (26r€0)
o (2)

Ntrap =
Vg, represents the maximum voltage at which traps are filled, d
is the film thickness, ¢, is the vacuum dielectric constant, e is the
electron charge, and ¢, is the dielectric constant. A higher Vrgp,
means a higher trap density. The defect-filling voltage based on
the PEDOT:PSS device is 1.14 V, and the defect state-filling
voltage of the CsCI-PEDOT:PSS device is 0.88 V, indicating that
perovskite is deposited on CsCI-PEDOT:PSS and the defect state
density between interfaces is lower. The lower density of defect
states is also a direct result of the larger grain size of the
perovskite, which can improve the FF.

The devices doped with CsCl PEDOT:PSS as an HTL exhibit
improved photoelectric performance and enhanced stability.
As shown in Fig. S4 (ESIt), the complete device ITO/PEDOT:
PSS/MAPbDI;_,Cl,/PCBM/BCP/Ag was prepared and packaged in
a nitrogen-atmosphere glove box. The long-term stability of
the CsCI-PEDOT:PSS device and PEDOT:PSS device was mea-
sured. After 400 hours, PEDOT:PSS devices maintain 86% of
their original efficiency, while CsCI-PEDOT:PSS devices main-
tain 92% of their original efficiency. In addition, we have
applied CsCI-PEDOT:PSS as an HTL in (FASnl3),¢(MAPDI;), 4
PSCs. The ITO/CsCl-PEDOT:PSS/(FASNI;), ¢(MAPDI;), 4/PCBM/
BCP/Ag device as shown in Fig. 6a was prepared. The J-V curve
is shown in Fig. 6b, and the performance parameters are shown
in Table S2 (ESIt). The PCE is increased from 19.49% to
21.44%, the V¢ is increased from 0.854 V to 0.856 V, the short
circuit current is increased from 31.630 mA cm ™ to 32.925 mA
cm 2%, and the FF is increased from 72.20% to 76.03%. There-
fore, CsCl doped PEDOT:PSS as an HTL can be used not only in
MAPbI;_,Cl, PSCs but also in (FASnI;), ¢(MAPDI;), 4 PSCs.

4 Conclusion

In conclusion, CsCl doping in PEDOT:PSS reduces the rough-
ness of CsCI-PEDOT:PSS films, which is conducive to the
density and grain growth of perovskite films deposited on it,
and improves the quality of the films. The application of CsCl-
doped PEDOT:PSS as an HTL in PSCs effectively increases the
composite resistance, reduces carrier recombination, and
improves the charge transport capacity. Through dark current
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Fig. 6 (a) Device structure and (b) J-V curve of the (FASnIz)o.6(MAPbIz)q 4 perovskite.

and space charge limited current, it can be concluded that CsCl
doping in PEDOT:PSS can reduce defect-assisted recombination
and inhibit the leakage current of the device, and the defect state
density between the interfaces is low. The larger perovskite grain
size also directly results in a lower density of defect states, which
can enhance the FF. At the same time, cesium chloride-doped
PEDOT:PSS is used as an HTL in (FASnl;),s(MAPDI;),, PSCs,
PSCs with the device structure of ITO/CsCI-PEDOT:PSS/
(FASnI;)y 6(MAPDL;), o/PCBM/BCP/Ag were prepared, and the
PCE increased from 19.49% to 21.44%. Therefore, CsCl doping
of PEDOT:PSS as the HTL improved the conductivity. To achieve
high efficiency and stability, PSCs provide a new effective strategy.
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