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Herein, We show that surface treatment of PEDOT:PSS films using
propionic acid (PA) results in better device performance for the
resulting CH3;NH;Pbl;perovskite solar cells (PCE>15%). N, blow
spreading of PA appears critical in enhanced performance. This
weak acid treatment leads to no worse roughness, while providing
larger perovskite grains.

Introduction
The field of photovoltaic based on perovskite solar cells has
recently made remarkable progress owing to their excellent
optical and electronic properties of the perovskite materials,
such as strong absorption in visible region and long charge
carrier diffusion Iength.l'5

Efforts dedicated towards improving device architecture
and optimization of perovskite film morphology have
improved power conversion efficiency of PSCs up to 20%.5"%In
conventional PSCs, a high-temperature thermal process is
required for the metal oxide layers (titanium oxide and zinc
oxide) used as the electron transport Iayer.le'19 The high-
temperature annealing is not consistent with the use of
flexible plastic substrates.”®

Inverted-type (planar) PSCs with a device structure of
ITO/HTL/perovskite/ETL/metal have emerged as an alternative
to conventional PSCs because of their low-temperature
solution processability.a'n'22 Most recently, PSCs based on
planar structure also demonstrated remarkable efficiency over
12% by carrying out controllable interface engineering.zg‘26 To
date, most studies are focused on the perovskite film
processing and relevant material design.27'33The perovskite
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light-absorbing layer is sandwiched between the hole- and
electron- transporting layers in a typical planar psc.2! Thus, for
pursuing high PCE cells, it is essential to manipulate the carrier
behaviours in whole perovskite solar cell. Therefore, the
interface control plays very important role for device
optimization in planar PSCs.>* Many hole transport layer (HTL)
and electron transport layer (ETL) materials have been utilized
to optimize the carrier transport pathway in the entire device.
To date, different organic or inorganic HTLs such as poly(3,4-
ethylene dioxythiophene): poly(4-styrenesulfonate)
(PEDOT:PSS), poly-triarylamine derivatives, poly-
diketopyrrolopyrrole derivatives, and2,2,7,7-tetrakis (N, N dip-
methoxyphenylamine)-9, 9-spirobifluorene (spiro-OMeTAD),
copper iodide (Cul), nickel oxide (NiO,) and copper-doped
nickel oxide (Cu:NiO,) based PSCs have demonstrated
promising PCEs.***

PEDOT:PSS is a commonly used HTL for indium tin oxide
(ITO) modification in conventional organic solar cells.®
Conducting polymer PEDOT:PSS has advantages of easy
solution film- processing, high transparency and tuneable
conductivity (10* to 10 S/cm). However the best efficiency
for inverted-type PSCs with PEDOT: PSS as hole transport layer
(HTL) is about 12-13 % and modification of HTL or ETL (or both)
are necessary for higher efficiency (more than 15%).344443
Different modification and treatments were reported for
PEDOT:PSS HTL in perovskite solar cells including washing with
different solvents, acid treatment and additives.**™
Modification may improve the perovskite film morphology,
better energy level alignment, film conductivity and higher
environment endurance. In the case of polar solvent
treatment of PEDOT:PSS layer, the final PSC efficiency
decreases, though the conductivity is enhance.**Guet al.
applied 3-aminopropanoic acid as a self-assembling monolayer
(C3-SAM) on a PEDOT:PSS hole transport layer (HTL) to modify
the crystallinity and coverage of the CH;NH;Pbl; Cl, film,
resulting in much smoother perovskite surface morphology
together with a PCE increase from 9.7% to 11.6%.% Recently
GeO,-doped PEDOT: PSS and Ag nanoparticles- doped PEDOT:
PSS were reported for fabrication of invert- PSC with efficiency
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Exceeding 15%.°° Sun et al. reached the 15% power

conversion efficiency with modification of hole and electron
transport layers. They used methanesulfonic acid for
treatment of PEDOT:SS film as hole transport layer and
Rhodamine 101 for modification of electron transport Iayer.47

In this study, we report an easy treatment method for
fabrication of high-efficient inverted hetero-junction
perovskite solar cell with just modification of hole transport
layer. Here, we used the propionic acid (PA) for modification of
PEDOT: PSS (HTL) using a gas assisted drop casting method. PA
is a weak acid and is not corrosive toward ITO surface so it is
applicable for flexible solar cell fabrication. The increase in
surface roughness after treatment with PA is relatively low.
This eliminates the need for further roughness treatment. As
previously reported, increase in PEDOT: PSS surfaces
roughness results in lower cell efficiency.”Our results indicate
that treatment of PEDOT-PSS with PA leads to improving of fill
factor and device performance without any hysteresis. The
resulting PSC device with PA treated hole transfer layer shows
a best performance with 15.06 % conversion efficiency.

Experimental section

Methylammonium iodide (CH3;NH;l, MAI) was synthesized via
the reaction of methylamine (CH3;NH,, 21.6 mL, 40 mass % in
water, Alfa Aesar) and hydriodic acid (HI, 30 mL, 57 mass % in
water, with hypophosphorous acid 1.5 %, Alfa Aesar) and
stirred at 0 °C for 2 h under nitrogen atmosphere, followed by
rotary evaporation to remove the solvent. The CH;NH;l
powder was washed three times with diethyl ether (99 %,
anhydrous, ECHO) and dried in a vacuum oven at 50 °C
overnight beforeuse. To prepare the precursor solution, we
mixed MAI and lead iodide (molar ratio 1:1) powders in
anhydrous DMF with concentration 45 % in mass proportion.
The precursor solutions were stirred overnight at 70 °C and
filtered through 0.45-um PVDF membrane before device
fabrication.

The etched ITO was cleaned with ultrasonic treatment in
deionized water, acetone, propanol and UV ozone treatment
was then performed. A thin film (PEDOT:PSS,AI4083, UR) was
spin-coated on ITO substrates at a speed 5000 rpm for 50 s,
then heated at 120 °C for 10 min. The PEDOT:PSS films were
treated by 8 M propionic acid. The treatment with the acid
was performed by dropping 70 pL of propionic acid on a
PEDOT:PSS film on a hot plate at 120 °C and a dry nitrogen gas
stream was blown over the PEDOT:PSS film to obtain a uniform
film. The films were then dried on a hotplate at 120 °C for 8
min. To avoid oxygen and moisture, the substrates were
transferred into N,-filled glove box for deposition of the thin-
film perovskite layers. The precursor solution was spread onto
the ITO/PEDOT:PSS at a rate 5000 rpm for 15 s. After 4 s of
spinning, chlorobenzene was injected onto the substrate. The
total period of the annealing procedure was 10 min at 100 °C.
After 2 min of annealing, 7ul anhydrous DMFwas injected
around the substrates and then annealed for 8 min. PCBM (20
mg, FEM Tech) was dissolved in chlorobenzene (1 mL) and
spin-coated on top of the perovskite layer at 1000 rpm for 30
s. The silver back-contact electrode was eventually deposited
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Fig. 1 Schematic of treatment of PEDOT: PSS with PA and deposition of
perovskite film.

via thermal evaporation in a vacuum chamber.

The current— voltage characteristics were measured with a
digital source meter (Keithley 2400) with the device under
one-sun illumination (AM 1.5G, 100 mW cm'z) from a solar
simulator (XES-40S1, SAN-E1) calibrated with a standard silicon
reference cell (VLSI Standards, Oriel PN 91150 V). (0.04 cm?
cell surface area and 0.02(V/s)scan rate). Incident photon to
current conversionefficiency (IPCE) of the corresponding
devices were recorded with a system consisting of a Xe lamp
(PTiA-1010, 150W), a monochromator (PTi, 1200 gr mm™
blazed at 500 nm), and a source meter (Keithley 2400). X-ray
diffraction (XRD) pattern was obtained on a X-ray
diffractometer (BRUKER AXS, D8 Advance) using Cu K,
irradiation (A=1.5418 A). Scanning electron micrographs (SEM)
were recorded with a microscope (Hitachi SU-8010) to
determine the morphology of the films. Absorption spectra
were measured with a spectrophotometer (JASCO V-570). The
surface morphology of the PEDOT films was characterized by
atomic force microscopy (AFM) (VEECO-CP research). Contact
angels were measured by a OCA 15 plus. The work functions
were measured using Kelvin probe force microscopy (KPFM,
Bruker).

Results and discussion

It has been reported that treatment of PEDOT:PSS films with a
strong acid such as sulfuric acid or a mild acid such as
methanesulfonic acid can improve its cond uctivity.‘w'51 The film
conductivity enhancement is due to PSS chains removing.
However treatment of PEDOT: PSS with these acid results in
more surface roughness (more than 2 folds) and lower
hydrophilicity of surface. Here we used PA as a weak acid for
treatment of PEDOT: PSS surface and studied its effect on the
PVC properties. To investigate the influence of PA-treatment
on perovskite crystallinity which is described schematically in
Fig. 1, we performed X-ray diffraction (XRD) measurement. We
prepared perovskite films on top of ITO glass substrates coated
with PEDOT:PSS and PA- treated PEDOT:PSS. Both films exhibit
diffraction peaks at 14.15°, 28.47° and 43.12°,corresponding
to(110), (220) and (314) planes of the tetragonal perovskite

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 XRD patterns (a) UV-Vis spectra (b) of MAPbI3 deposited on
pristine PEDOT:PSS (Red ) and PA-treated PEDOT:PSS (Black) surfaces.

phase (Fig. 2a). These peaks are consistent with XRD results in
previous reports.zo’52 There is a small difference in the intensity
of diffraction peaks, implying that perovskite film is crystallized
almost the identically over both PEDOT:PSS and PA-treated
PEDOT:PSS substrates.

There is no separate diffraction peak of Pbl, in the XRD
patterns of perovskite films after acid treatment similar to
untreated surface that confirms total Pbl, conversion into
perovskite structure on both surfaces. The results indicate that
the PA did not make negative effect on the crystal growth of
perovskite film while the Pbl, peaks appeared in the XRD
patterns of perovskite films after treatment by some acids.”’
Fig. 2b shows the UV-Vis absorption spectra of the perovskite
film deposited on PEDOT:PSS and PA-treated PEDOT:PSS. As
can be seen, both films show a broad absorption, typical of the
perovskite.52 Both devices with treated and untreated
PEDOT:PSS show similar absorption spectra over 400-800 nm.

This journal is © The Royal Society of Chemistry 20xx
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Surface coverage and the morphology of perovskite film on the
substrates are crucial for determining resultant performance
of PSCs. To compare the morphology of perovskite films on
PEDOT:PSS and PA- treated PEDOT:PSS, we utilized scanning
electron microscopy (SEM) . Fig. 3 shows that perovskite film
formation with the solvent annealing method results in
uniform free-pinhole surface with good surface coverage. The
perovskite formation on PA-treated PEDOT:PSS layer leads to
larger grain boundary compared to untreated PEDOT:PSS film.
The cross-section images present crack-free perovskite layer
for both untreated and treated PEDOT: PSS.

To further compare the surface property change of pristine
and PA-treated PEDOT:PSS, we also studied the surface energy
of them by performing contact angle measurements. Contact
angles of pristine and PA- treated PEDOT:PSS to DMF solvent
were 31.7° and 28.9° respectively (Fig. S1, ESI). This indicates
that PEDOT:PSS layer treatment with PA leads to a small
change in wettability. So both surfaces have similar interaction
with DMF, Pbl, and MAI. In previous reports where treatment
led to more hydrophobic surface, an incomplete conversion of
Pbl, to perovskite occurs.®® As shown in XRD patterns the
conversion of Pbl, to perovskite is complete for PA-treated
PEDOT:PSS surface and similar to that of pristine surface.

Both pristine and PA-treated PEDOT:PSS layers provide
uniform films with root-mean-square (r.m.s.) roughness of 1.4
nm and 1.6 nm respectively (AFM images, Fig. 4). AFM
topography images are consistent with contact angle results.
There is a small change in surface roughness after PA
treatment, unlike many other acid treatments. We used N, gas
flow for PA drying that may result in lower diffusion of PA

Fig. 3 SEM surface and cross-sectional images of perovskite films on
(a,b) pristine PEDOT:PSS and (c,d) PA-treated PEDOT:PSS surface.
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Fig. 4 AFM images of PEDOT:PSS films (a,b) untreated and treated
(c,d) with 8 M propionic acid.

solution into PEDOT:PSS film. Treatment of PEDOT:PSS surface
with acids usually causes two-fold or more increase in the
surface roughness.47 In addition PA asa weak acid do not cause
PET surface corrosion hence can be applied to flexible solar
cells fabrication.

Fig. 5 presents current density—voltage (J-V) curves of best
PSCs using pristine and PA —treated PEDOT:PSS as HTL. Devices
with pristine PEDOT:PSS exhibited PCE of 13.37% with short-
circuit current density (Js¢) of 21.09 mA cm?, open- circuit
voltage(Vyc) of 0.84 V and fill factor (FF) of 0.75. Replacing
pristine with PA-treated PEDOT:PSS led to a significant
enhancement in device efficiency. The device yielded a PCE of
15.06% with Jsc of 21.06 mA cm’?, Voc of 0.88 V and FF of 0.79.
The detailed solar cell parameters are listed in Table 1.From
the J-V characteristics (Fig. 5 and Table 1), it is clear that the
efficiency enhancement in the modified based devices was due
mainly to the higher V¢ and FF.

The increase in Vo can be attributed to reduce charge-
carrier recombination in the absorber and treated HTL
interface compared to untreated HTL. As it can be seen from
SEM images, treatment of PEDOT:PSS results in perovskite
deposition with larger grains that may lead to lower
recombination.

Also as previously reported, acid treatment can affect the
work function of PEDOT:PSS which in turn can affect the
charge collection between PA-treated PEDOT and perovskite.39
Fig. S2 shows the current- voltage hysteresis curves for the
devices. As seen in this figure the hysteresis index for both
devices is low. Fig. S3, shows J-V and related external
quantum efficiency curves for a device based PA-treated
PEDOT: PSS. The J,. of the devices with PA- treated PEDOT:PSS
is consistent with the calculated Jsc from external quantum
efficiency (EQE) curves.
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Fig. 5J-V characteristics for PEDOT:PSS and PA-treated PEDOT:PSS
based device.

Table 1. Photovoltaic Device Parameters of pristine PEDOT:PSS and
PA-treated PEDOT:PSS based solar cells.

Device Jso/mA cm™ Voc/V FF n/%
e Best 21.09 0842 75.25 13.37
Pristine
PEDOT:PSS

Average 20.24+1.00 0.844+0.010 73.761+3.20 12.61+0.59

Best 21.75 0.877 78.95 15.06
PA-treated

PEDOT:PSS
Average 19.42+0.70 0.870+0.020 81.90+1.54 13.86 +0.55

To confirm the reproducibility of device performance, we
tested 10 devices that were fabricated using PEDOT: PSS and
PA-treated PEDOT: PSS. The photovoltaic parameters are
reported in Table 1 and 2S. Average PCEs of the devices with
PA-treated PEDOT: PSS (13.6%) were higher than those of the
device with PEDOT: PSS (12.7%). Devices with PA- treated
PEDOT: PSS exhibited higher V- (0.87 V) compared with
devices based on PEDOT: PSS (Vo= 0.83 V) whereas Js values
for both devices are nearly the same. In the case of FF, the
device with PA-treated PEDOT: PSS shows mainly higher values
compared with pristine PEDOT: PSS based device (0.81 vs
0.73).

For further investigation of PA treatment on the PEDOT:PSS
properties, the work function values were measured (Figure
S4). The Kelvin probe analysis demonstrates that work function
of the pristine PEDOT:PSS is 5.2 eV, while the work function is
reduced to 4.8 eV for the modified PEDOT:PSS. The lower work
function is expected to increase the current density, while
decreasing the open circuit voltage. We observe here that
both J,. and V,. are improved after PA-treatment. In similar
previously reported works>® the work-function of PEDOT:PSS
(5.0 eV) decreases after treatment with PA (4.8 eV). The
increase in V,. could be a result of improved interface and

This journal is © The Royal Society of Chemistry 20xx
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carrier transfer properties. Further studies are needed to
clarify the effect of PA treatment on interface improvement.

In conclusion, we have successfully used PA for treatment
of PEDOT:PSS HTL surface to enhance final cell conversion
efficiency up to 15%. Treatment of PEDOT:PSS with PA only
influences perovskite grain sizes and do not affect other film
properties including film crystallinity, UV-Vis absorption and
surface roughness. Also treatment of PEDOT:PSS with PA leads
to higher Vycand fill factor compared to untreated device.
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Surface treatment of PEDOT:PSS films using propionic acid (PA) leads to better device performance for
the resulting CH;NH;Pbl; perovskite solar cells (PCE>15%).
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