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ABSTRACT: In the past decade, perovskite solar cells (PSCs) were arising as a new generation of low-cost solar technology for
renewable energy generation. More than 25% of power conversion efficiency (PCE) was reported from PSCs on the rigid indium tin
oxide (ITO)/glass electrode. However, PSCs fabricated on flexible solution-processed transparent electrodes have still been a
challenge to date. In this work, we report a solution-processed transparent polymeric thin film as the electrode for flexible solution-
processed PSCs. The solution-processed polymeric thin film exhibits superior optical transparency and decent electrical conductivity.
As compared with a PCE of 16.60% from PSCs on the ITO/glass substrate, PSCs on the solution-processed transparent polymeric
electrode/glass substrate exhibit a PCE of 13.36% and PSCs on the solution-processed transparent polymeric thin-film/polyethylene
terephthalate flexible substrate possess a PCE of 10.16%. Systematic studies demonstrate that poor electrical conductivity of the
solution-processed transparent polymeric electrode and serious interfacial charge carrier recombination are responsible for low
PCEs. Nevertheless, our results demonstrate that we provide a facile route to develop flexible PSCs by utilization of solution-
processed polymeric thin films as the transparent electrodes.

KEYWORDS: polymeric thin-film, transparent electrode, flexible perovskite solar cells, high electrical conductivity, device performance

B INTRODUCTION parent flexible electrodes would possess great potential in
various practice applications.16

To date, silver nanowires (AgNWs),"” multiwalled carbon
nanotubes,'® and semiconducting polymers'”” have been
developed to substitute the ITO or FTO as the transparent
electrodes. AgNWs possess superior electrical conductivity, but
the reaction of Ag* ions with halogen ions (I” or CI”) from
perovskite materials degrade the electrical conductivity of

either indium tin oxide (ITO)- or fluorine-doped tin oxide AgNWs dramatically.n’zz MWNTs could be solution-pro-
(FTO)-coated glass was used as the transparent electrode.*™"*

However, both ITO- and FTO-coated glass substrates possess

In the past decade, both academic and industrial sectors have
paid great attention to perovskite solar cells (PSCs) due to the
advanced features such as superior optoelectronic properties of
perovskite materials and low-cost fabrication processes of
PSCs.' ™ Over 25% of power conversion efficiency (PCE) was
recently reported from PSCs.” In such rapidly developed PSCs,

cessed, but exhibit a poor optical density,”* which certainly

several drawbacks such as rigidity and frangibility, which Received: December 22, 2019
certainly limit the application of PSCs into flexible, portable, Accepted: March 10, 2020
and wearable electronics.>'¢ In addition, the scarcity of the Published: March 10, 2020

indium element and the high-temperature sintering process to
produce either ITO- or FTO coated glass substrates add to the
cost of PSCs. Thus, PSCs on the solution-processed trans-
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Figure 1. (a) Transmittance spectra of the FAI-treated PEDOT:PSS thin film/PET substrate and the ITO/glass substrate. (b) Transmittances and
(c) electrical conductivities of FAI-treated PEDOT:PSS thin films under different bending cycles.

restricts the perovskite photoactive layer to absorb the photon
for generating large photocurrent from PSCs. Semiconducting
polymers are alternatives as the transparent electrode for
flexible PSCs by virtue of their excellent features such as
solution-processable, cost-effective, lightweight, superior me-
chanical flexibility, and compatibility with plastic substrates. In
the past years, poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) thin films have drawn great
attention in the society of flexible electronics. Much effort
have been made to enhance the electrical conductivity, and
dramatically boosted electrical conductivity of PEDOT:PSS
thin films indeed were observed.”*™>° For example, Wang et
al.”® observed 2980 S/cm electrical conductivity from
PEDOT:PSS thin film treated by a super-acid. Kim et al.*®
reported an electrical conductivity of 4380 S/cm from
PEDOT:PSS thin film treated by sulfuric acid. However,
PEDOT:PSS thin films treated with strong acids would
adversely affect both underneath and above layers, hampering
their applications in flexible electronics.

Here, we exemplify the application of thin-film iodide (FAI)
as a non-acidic agent to treat a PEDOT:PSS thin film. It is
found that the electrical conductivity of PEDOT:PSS thin film
is increased by 4 orders of magnitude as compared with that of
pristine PEDOT:PSS thin film. Moreover, the FAl-treated
PEDOT:PSS thin films exhibit superior optical transparency in
the whole visible range. The PSCs on the FAl-treated
PEDOT:PSS transparent electrode coated on polyethylene
terephthalate (PET) flexible substrate exhibit over 10% PCE,
which is slightly lower than that on the glass rigid substrate.
Systematic studies indicate that poor electrical conductivity of
the solution-processed transparent polymeric electrode and
serious interfacial charge carrier recombination are responsible
for low PCEs of flexible PSCs.

B EXPERIMENTAL SECTION

Materials. PEDOT:PSS (Clevios PH1000) was purchased from
Heraeus Precious Metal, North America, Inc. [6,6]-phenyl-C61-
butyric acid methyl ester (PC4BM) was bought from Solenne BV.
Lead iodide (Pbl,) was purchased from Alfa Aesar. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), N,N-dimethylforma-
mide (DMF, anhydrous, >99.9%), isopropyl alcohol (anhydrous,
>99%), ethyl alcohol (>99.9%), and chlorobenzene (anhydrous,
>99.9%) were purchased from Sigma-Aldrich. Formamidinium iodide
(FAI) and methylammonium iodide (MAI) were synthesized in our
laboratory.®’

FAl-Treated PEDOT:PSS Thin Film Preparation. Pristine
PEDOT:PSS solution (Clevios PH1000) was spin-coated on the
precleaned and UV-treated PET or glass substrates, followed with
thermal annealing on the hotplate at 140 °C for 10 min (min).
Afterward, 100 uL of FAI DMF solution was dropped upon the
preheated PEDOT:PSS thin films. Finally, the excess FAI salts on the
surface of PEDOT:PSS thin films were rinsed several times by
deionized water and isopropanol.

Thin Film Characterizations. A profilometer (Bruker DektakXT
Stylus) was used to measure the thicknesses of all thin films under the
scan rate of 0.03 mm/s. Sheet resistance of thin films was measured by
the traditional van der Pauw four-point probing method. A Lambda
900 UV—Vis—NIR spectrophotometer (PerkinElmer, Waltham, MA,
USA) was used to characterize the transmittance spectra of all thin
films. The contact angles of either the FAI-treated PEDOT:PSS thin
film or the ITO substrate were measured on angle analysis equipment
from AST Products’ VCA Optima. Scanning electron microscopy
(SEM) images were obtained using the scanning electron microscope
(S-2600N).

Fabrication and Characterization of PSCs. PSCs were
fabricated with a device configuration of PET (or glass)/FAl-treated
PEDOT:PSS/PTAA/CH,NH,PbI,/PCy,BM/Al and with a typical
standard device configuration of ITO/PTAA/CH;NH;Pbl;/
PC4BM/AL The thickness of the FAl-treated PEDOT:PSS thin
film is measured to be ~40 nm. A PTAA hole extraction layer was
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prepared from $ mg/mL in toluene by spin coating at 6000 rpm for
25 s (s) with a thickness of 35 nm. The Pbl, layer was cast on the
preheated (80 °C) PET (or glass)/FAl-treated PEDOT:PSS/PTAA
or ITO/PTAA from the Pbl, solution (DMF, 400 mg mL™") at 6000
rpm for 20 s, then the substrates were placed on a hotplate at 80 °C
for 10 min. The MAI layer was then cast on the top of the cooled Pbl,
layer from the MAI precursor ethanol solution (40 mg mL™") at 6000
rpm for 35 s, followed by thermal annealing at 100 °C for 90 min to
form CH;NH,PbI; thin films. The PCyBM layers were then spin-
coated on the top of the cooled perovskite layers at 1000 rpm for 35 s.
The aluminum (Al) cathode was thermally evaporated under high
vacuum (107 mbar) with a thickness of 100 nm. The device area is
measured to be 45 mm?. The performance of PSCs was characterized
under an AM 1.5 G solar simulator (Newport, 91160-1000); white
light intensity was calibrated by a mono-silicon detector (with KG-S
visible color filter) of National Renewable Energy Laboratory. The
current density versus voltage (J—V) characteristics of PSCs under
white light illumination and in dark were obtained by using a Keithley
2400 source meter. The external quantum efficiency (EQE) spectra of
the PSCs were measured through the solar cell quantum efficiency
measurement system (QEX10) with a 300 W steady-state Xenon
lamp as the light source from PV Measurement, Inc. The impedance
spectrum (IS) of all solar cells were obtained using an HP 4194A
impedance/gain-phase analyzer under dark condition.

B RESULTS AND DISCUSSION

Figure la presents the transmittance spectra of the FAl-treated
PEDOT:PSS thin film/PET and the ITO/glass. Compared to
the transparency of the ITO/glass electrode, the FAI-treated
PEDOT:PSS thin film/PET exhibits slightly less transmittance,
but still possesses over 85% transmittance from 350 to 550 nm
and around 75% transmittance from 550 to 900 nm. Therefore,
the FAI-treated PEDOT:PSS thin film/PET has good optical
transparency used as the transparent electrode.

The electrical conductivity of pristine PEDOT:PSS thin film
is about ~0.3 S/cm, but it is found that the electrical
conductivities of treated PEDOT:PSS thin films are boosted to
over 1000 S/cm at the concentration of FAI at 0.1 M.>® The
realigned orientation of the PEDOT structure is responsible
for such enhanced electrical conductivity.”® To further
optimize the electrical conductivities, the FAl-treated PE-
DOT:PSS thin films are thermally annealed at different
temperatures.”® The electrical conductivities of the FAI-treated
PEDOT:PSS thin films are increased drastically with the
increment of thermal annealing temperature in the range of
80—140 °C. The optimal electrical conductivity reaches 1562
+ 36 S/cm as the annealing temperature is at 140 °C. Such
increased electrical conductivity is due to the fact that the
movement of PEDOT chains is promoted as the increased
thermal energy, resulting in more ali§ned PEDOT chains,
boosting the electrical conductivity.”® However, further
increasing the annealing temperature over 140 °C, the
electrical conductivity is decreased, which is attributed to the
degradation of PET substrates as the annealing temperature
above 140 °C.”*"*°

In addition, it is also found that the FAl-treated
PEDOT:PSS thin film still possesses good transparency and
electrical conductivity after it has had 400 times bending cycle
as shown in Figure 1b,c.

It has been reported that the PEDOT chains are
hydrophobic, which are bound to the hydrophilic PSS chains,
so they are well stabilized in water. However, as temperature
increased, the PEDOT chains and PSS chains could move.
Once the PEDOT:PSS surface was treated by FAI in a DMF
solvent, at high temperature (over 100 °C), the I~ in FAI

would bind to PEDOT:PSS chains and FA" in FAI would bind
to PSS chains. As a result, the PEDOT chains would be
isolated from PSS chains, consequently exhibiting hydrophobic
properties. Figure 2a,b presents the static contact angles of

(a) (b)
15.8° 50.6°

() 73.2° (@ 84.3° i

Figure 2. Contact angles of water on the surfaces of (a) PEDOT:PSS
thin film/silicon substrate, (b) FAI-treated PEDOT:PSS thin film/
silicon substrate, (c) PTAA thin film/ITO/glass, and (d) PTAA thin
film/FAI-treated PEDOT:PSS/glass.

water on the surfaces of the PEDOT:PSS/silicon and FAI-
treated PEDOT:PSS/silicon substrates, respectively. The
contact angle observed from the PEDOT:PSS/silicon substrate
is 15.8°, whereas the contact angle observed from the FAI-
treated PEDOT:PSS/silicon substrate is enlarged to 50.6°.
Such enlarged contact angle indicates that the FAl-treated
PEDOT:PSS thin layer is more hydrophobic than pristine
PEDOT:PSS, which is consistent with our above hypothesis.
Moreover, the hydrophobic properties of the PTAA layer on
either ITO/glass or FAlI-treated PEDOT:PSS/glass substrate
are investigated and the results are shown in Figure 2c,d.
Interestingly, a slightly enlarged contact angle (84.3°) is
observed for the PTAA/FAI-treated PEDOT:PSS/glass
substrate compared to that (73.2°) observed for the PTAA/
ITO/glass substrate. It was reported that the nonwetting
property of the PTAA layer is favorable for CH;NH;PbI; to
form large grain size with fewer grain boundaries,”’ giving rise
to enhanced charge-carrier mobility, and consequently,
boosted short-circuit current density (Jsc) is expected from
the PSCs.”

SEM was conducted to confirm the above hypothesis. Figure
3 displays the top-view SEM images of the CH;NH;PbI; active

Figure 3. Top-view SEM images of CH;NH;PbI; thin films on the
top of (a) PTAA/ITO thin film and (b) PTAA/FAl-treated
PEDOT:PSS thin film.

layer on either the PTAA/ITO/glass or PTAA/FAl-treated
PEDOT:PSS/glass substrates. The crystal grain size increases
substantially from ~100 nm (on PTAA/ITO/glass) to over
400 nm (PTAA/FAl-treated PEDOT:PSS/glass), confirming
that the diminished surface tension of PTAA on the FAI-
treated PEDOT:PSS thin layer has exerted a crucial impact on
the nucleation and crystal growth processes of the
CH;NH;Pbl; active layer. It should be noted that the grain
size of 4perovskite we observed is smaller than the reported
one,”** which is probably because lower concentration of
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Figure 4. (a) Device configuration of PSCs, (b) LUMO and HOMO energy levels of PTAA, CH;NH,Pbl;, PC¢BM, and the work functions of the
FAl-treated PEDOT:PSS thin film and aluminum electrodes, respectively. (c) J—V characteristics of PSCs with different transparent electrodes
(ITO/glass, the FAI-treated PEDOT:PSS thin films on glass, and PET substrates) under white light illumination. (d) PCE statistics of the PSCs
with different transparent electrodes (ITO/glass, the FAI-treated PEDOT:PSS thin films on glass, and PET substrates).

Table 1. Device Performance Parameters of PSCs”

Substrates Jsc© (mA/cm?)> Jsc© (mA/cm?)>
ITO/glass 20.58 19.15
FAI—PEDOT:PSS/glaSS 18.40 17.53
FAI-PEDOT:PSS/PET 16.75 16.12

Voc (V) FF (%) PCE (%) Rg; (Q cm?) Rg (Q cm?)
1.06 76 16.60 2624 4.20
1.02 71 13.36 1354 5.62
0.96 63 10.16 1160 5.95

“Isc from J—V characteristics. “Jgc from the integration of the EQE spectra.

MAI was used to prepare the CH;NH,PbI; thin film under this
investigation.

The device structure of PSCs under this investigation is
shown in Figure 4a. The lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) energy levels of PTAA, CH;NH,Pbl;, PC,BM,
and the work functions of FAl-treated PEDOT:PSS and Al
electrodes are displayed in Figure 4b, where the FAl-treated
PEDOT:PSS thin film acts as the transparent anode, PTAA
acts as a hole extraction layer, PC4BM acts as the electron
extraction layer, and aluminum (Al) serves as the cathode. It
has been reported that the interfacial energy barrier is very
essential to the device performance.*” To confirm the HOMO
energy level of the FAI-treated PEDOT:PSS thin film, cyclic
voltammetry measurement is conducted. Based on the
oxidation and reduction potentials, the LUMO energy level
of the FAI-treated PEDOT:PSS thin film is estimated to be
—4.80 eV,***° which is close to the work function of ITO
(—4.70 eV), indicating that the FAI-treated PEDOT:PSS thin
film possesses similar work function as that of ITO electrode.
Figure 4c displays the J—V characterization of PSCs fabricated
on different transparent electrodes. The device performance of
PSCs is summarized in Table 1. The PSCs fabricated on the
ITO/glass electrode exhibit an open-circuit voltage (Vo) of
1.06 V, a Jsc of 20.58 mA cm™?, a fill factor (FF) of 76%, and
with a corresponding PCE of 16.60%. The PSCs fabricated on
the FAI-treated PEDOT:PSS/glass electrode show a V¢ of

1.02 V, a Jc of 1840 mA cm™ a FF of 71%, with a
corresponding PCE of 13.36%, which is slightly lower than that
of the PSCs fabricated on the ITO/glass electrode. The PSCs
fabricated on the flexible FAI-treated PEDOT:PSS/PET
electrode show a Ve of 0.96 V, a Jic of 16.75 mA cm™2, a
FF of 63%, with a corresponding PCE of 10.16%, which is
lower than that of the FAI-treated PEDOT:PSS thin film on
the glass substrate.

The PCE performance histograms (gathered from 15
identical devices) and the corresponding Gaussian fit for the
respective PSCs are shown in Figure 4d. Clearly, the
distributions of PCEs from PSCs fabricated on different
transparent electrodes, ITO/glass, the FAI-treated PE-
DOT:PSS thin film/glass, and the FAl-treated PEDOT:PSS
thin film/PET substrates are similar. These results further
demonstrate that the FAl-treated PEDOT:PSS thin film/PET
substrate possesses good optoelectrical and mechanical
properties for flexible electronics.

It is noted that larger crystals are observed from the
CH;NH;Pbl; thin films on the FAI-treated PEDOT:PSS/glass
substrate (Figure 3), but lower ]y values are obtained from the
PSCs on either the FAl-treated PEDOT:PSS/PET flexible
substrate or the FAlI-treated PEDOT/glass rigid substrates.
Typically, CH;NH;PbI; thin films with larger crystals could
generate higher Jsc in the PSCs on ITO/glass substrate.®
However, in this study, an inferior charge transport originated
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Figure 5. (a) EQE spectra of PSCs and (b) J—V characteristics of PSCs with different transparent electrodes (ITO/glass, the FAl-treated
PEDOT:PSS thin films on glass, and PET substrates) measured in dark.

from the poor electrical conductivity of the FAl-treated
PEDOT:PSS is likely responsible for the reduced Jgc.

In order to understand the inferior device performance
observed from PSCs with the FAI-treated PEDOT:PSS as the
electrode, the shunt resistance and series resistance of PSCs are
investigated. J is described as®’

- ]ph(V)

]O[exp( q(V — RsA])) 1
(1)

nkT
which is based on the model of -V characteristics of PSCs
with an equivalent circuit. Under the open-circuit condition,
where ] = 0 and J;;, = Jsc, the above eq 1 is rearranged to

Voc ® nk_T ln[]s—c]
Jo (2)

where ] is reverse saturation current governed by diffusion and
recombination of charge carriers, n is ideal factor, k is
Boltzman’s constant, T is absolute temperature, g is the
elementary electron charge, ], is the photocurrent, V is an
applied voltage, and A is the work area. Both shunt resistance
(Rgy) and series resistance (Rg) of PSCs are estimated from
the reciprocal of the slopes of the J—V curves under the short-
circuit and open-circuit conditions, respectively. The results
are summarized in Table 1. An Rg of 4.20 Q cm? is observed
from the PSCs on the ITO/glass rigid electrode, whereas an Rg
of 5.62 Q cm? is observed from the PSCs on the flexible FAI-
treated PEDOT:PSS/PET electrode and an Rg of 5.95 Q cm?
is observed from PSCs on the FAI-treated PEDOT:PSS/glass
electrode. Such enlarged Rg values are originated from the
larger contact resistance and lower electrical conductivity of
the FAI-treated PEDOT:PSS thin film. The smaller Rgy of
1160 Q cm? from the PSCs on the flexible FAlI-treated
PEDOT:PSS/PET electrode indicates that the current leakages
are responsible for the reduced Jsc. As a result, lower Jsc, and
consequently smaller PCE values are observed from the PSCs
on the flexible FAI-treated PEDOT:PSS/PET electrode. These
results are in good agreement with those observed from the J—
V characteristics.

The EQE spectra of PSCs are displayed in Figure 5a. The
PSCs with the FAI-treated PEDOT:PSS/PET electrode exhibit
a lower EQE than those with the ITO/glass electrode, which is
ascribed to the transmittance losses of the FAl-treated
PEDOT:PSS thin film in the visible region (Figure 1).
Moreover, compared with the electrical conductivity (~6000

i L VoRA

SH

S/cm) of the ITO/glass substrates, the relatively poor
electrical conductivity (~1500 S/cm) of the FAl-treated
PEDOT:PSS thin film is also responsible for lower EQE
values of the PSCs on the FAl-treated PEDOT:PSS/PET
electrode.*® The integrated Jgc values of 19.15 and 16.12 mA/
cm? for the PSCs on the ITO/glass electrode and on the FAI-
treated PEDOT:PSS/PET electrode. These integrated Jg¢
values are in good agreement with those from the J-V
characteristics (Figure 4c).

Figure Sb exhibits the J—V characteristics of PSCs measured
in dark. The dark current densities of the PSCs with the
flexible FAI-treated PEDOT:PSS/PET electrode and the PSCs
with the FAI-treated PEDOT:PSS/glass electrode are approx-
imatively ten times larger than those on the ITO/glass rigid
electrode, which further indicates that the PSCs with the
flexible FAI-treated PEDOT:PSS/PET electrode and the PSCs
with the FAI-treated PEDOT:PSS/glass electrode possess
enlarged leakage current densities as compared with those with
the ITO/glass rigid electrode. Such high leakage current would
generate in shunt-flow instead of flowing through PSCs,
resulting in lower J;c. Based on eq 2, the enlarged dark current
density would result in a slightly lower V¢ for the PSCs with
the flexible FAI-treated PEDOT:PSS/PET electrode and the
PSCs with the FAI-treated PEDOT:PSS/glass electrode.

Both J—V curves in dark and PL results are consistent with
the J—V characteristics (Figure 4c), where the V¢ values of
the PSCs with the flexible FAI-treated PEDOT:PSS/PET
electrode and the PSCs with the FAl-treated PEDOT:PSS/
glass electrode are 0.96 and 1.02 V, respectively, whereas the
Voc of the PSCs with the ITO/glass is 1.06 V.

Impedance spectroscopy (IS) is performed to explore the
electric properties of PSCs which cannot be investigated by
direct current measurement. Figure 6 presents the IS spectra of
PSCs. The Rg consists of the sheet resistance (Ry,.;) and the
charge-transport resistance (Rcr) at the interface between the
charge carrier extraction layer and the electrodes, the interface
between the charge extraction layer and perovskite layer, as
well as inside perovskite thin-film.””* Enhanced Rcy values of
1325 and 1065.3 € are observed for the PSCs with the flexible
FAl-treated PEDOT:PSS/PET electrode and the PSCs with
the FAl-treated PEDOT:PSS/glass electrode, respectively.
Both of them are much higher than that (842 Q) of the
PSCs with the ITO/glass electrode. These results indicate an
inferior charge transport at the interfacial boundaries of
PSCs.*' As a result, the PSCs with the flexible FAI-treated
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Figure 6. Nyquist plot of PSCs with different transparent electrodes
(ITO/glass, the FAl-treated PEDOT:PSS thin films on glass, and
PET substrates) measured in dark.

PEDOT:PSS/PET electrode exhibit lower Jsc, and conse-
quently, lower PCE.

To further investigate the roles of the interfacial layer in
PSCs, light intensity dependence tests of Jsc and Vo were
performed to evaluate the impact of interface charge carrier
recombination within PSCs.**~** As shown in Figure 7a, the
PSCs with either the FAl-treated PEDOT:PSS electrode
(either PET or glass substrates) or the ITO/glass electrode
exhibit a power-law dependence of Jsc on the light intensity.
The Jsc can be correlated with the light intensity by Jsc o I%,*
where I is the light intensity and « is the coefficient.” An a of
0.940 is observed from the PSCs with the ITO/glass electrode,
and a values of 0.879 and 0.887 are observed from the PSCs
with the flexible FAI-treated PEDOT:PSS/PET electrode and
the PSCs with the FAI-treated PEDOT:PSS/glass electrode,
respectively. The smaller o value indicates that a stronger
interface charge carrier (bimolecular) recombination process
takes place in the PSCs with the flexible FAI-treated
PEDOT:PSS/PET electrode.

Figure 7b displays the light intensity dependence of V.
Under the open-circuit condition, V¢ could be correlated

with the light intensity, described by V. = n%T In(I),**
where k is the Boltzmann constant, T is the temperature in

Kelvin, and g is the elementary charge. As n = 1, the
bimolecular recombination is dominated in solar cells, whereas

as n = 2, the monomolecular recombination is dominated in
solar cells.***” The slopes of 1.92kT/q and 1.80kT/q are
observed from the PSCs with the flexible FAl-treated
PEDOT:PSS/PET electrode and the PSCs with the FAI-
treated PEDOT:PSS/glass electrode, respectively. Whereas a
slope of 1.38kT/q is observed from the PSCs with the ITO/
glass electrode. A slope close to 2 indicates that a stronger
monomolecular charge recombination process takes place in
the PSCs with the FAl-treated PEDOT:PSS electrode.’*¢
Thus, the PSCs with the FAl-treated PEDOT:PSS electrode
exhibit lower Jsc and lower PCE.

B CONCLUSIONS

In summary, we demonstrated a simple yet effective method to
fabricate flexible PSCs on a solution-processed polymeric thin
film as the transparent electrode. The PSCs fabricated on the
above solution-processed transparent electrode exhibited
slightly lower PCE as compared with that on a rigid electrode.
Systematic studies demonstrated that poor electrical con-
ductivity of the solution-processed transparent electrode and
serious interfacial charge carrier recombination are responsible
for low PCE of flexible PSCs. However, our results
demonstrated that we provided a facile route to develop
flexible PSCs by utilization of solution-processed polymeric
thin film as the transparent electrode.
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