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rmance of inverted planar
perovskite solar cells by argon plasma post-
treatment on PEDOT:PSS†

Miao Yu,‡a Xiaona Huang,‡a Shuying Wang,‡b Ben Chen,a Yang Zhang,a Bo Chen,*c

Mingzhen Liu,*a Wanli Zhanga and Jie Xiong*a

Interface engineering is an efficient method for improving the performance of inverted planar

heterojunction perovskite solar cells (PSCs). In this paper, the PSCs were modified by introducing mild

argon plasma post-treatment on poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).

The power conversion efficiency (PCE) was enhanced up to 12.17%, compared with 9.55% of the

reference device without interlayer modification. We found that argon plasma treatment on the

PEDOT:PSS layer effectively increases its conductivity due to the modification of the PSS ratio in the film.

The argon plasma treatment time directly affects the surface morphologies and contact angles of the

PEDOT:PSS layer and therefore optimises the uniformity of the PEDOT:PSS layer on the nanometer-

scale. The improvement in the chemical compositions and film morphologies of PEDOT:PSS could be

beneficial to enhancing the wettability and retarding the carrier recombination. The open-circuit voltage

(Voc) and short circuit current density (Jsc) of PSCs based on the treated PEDOT:PSS were both

improved, resulting in the enhancement of PCE.
1. Introduction

Organic–inorganic perovskite solar cells have attracted
tremendous attention because of their high solar-to-electric
power conversion efficiency (PCE) and low fabrication costs.1–4

The PCE of perovskite solar cells has been boosted from 3.8%
(ref. 5) to certied 22.1% (ref. 6) in the past few years. As is
known, the device performance is not only affected by the
molecular properties of the cell components involved, but also
dramatically dependent on the nature of the interfaces present.
Hence, interface modication is an efficient method to improve
the performance of perovskite solar cells.7 For inverted planar
heterojunction perovskite solar cells, much effort has been
made to modify the interface between the poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
anode layer and perovskite active layer. For example, incorpo-
rating graphene oxide as a dual functional interface modier
can improve wettability and retard recombination in hybrid
lms and Integrated Devices, University of
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perovskite solar cells.8 Polar solvent (H2O, ethanol, and
a mixture) treatment on PEDOT:PSS lm was introduced to
improve the conductivity but at the cost of a reduction of PCE of
perovskite solar cells.9 The PCE of CuPc/fullerene-based solar
cells could be signicantly improved with an appropriate UV-
ozone treatment on PEDOT:PSS.10 Recently, it was reported
that PEDOT:PSS post-treated with oxygen plasma demonstrated
improved conductivity, possibly resulting from a relatively
increase of well-conducting PEDOT to less-conducting PSS ratio
on the surface.11 Meanwhile, they found that the thickness of
PEDOT:PSS layers was reduced with an etching rate of 5 nm
min�1, conrming the removal of materials from the surface of
PEDOT:PSS layer. Sometimes the effect of PEDOT:PSS lm
thickness variations on the device performance has to be
considered especially for the pristine layer which has a relatively
thin thickness. Atmospheric-pressure argon plasma etched
PEDOT:PSS layer was used to improve the performance of
organic thin-lms solar cells as a hole-transport layer.12,13

In this paper, a simple and effective method of argon plasma
post-treatment on PEDOT:PSS was proposed to improve the
performance of perovskite solar cells. The conductivity,
component analysis, lm thickness, surface morphology of the
plasma-treated PEDOT:PSS lms, as well as the wettability of
the perovskite precursor solution deposited on these argon-
treated PEDOT:PSS lms were systematically investigated.
Subsequently, perovskite solar cells based on argon plasma
treated PEDOT:PSS lms were fabricated and tested. The PCE of
perovskite solar cells increased from 9.55% for the pristine
This journal is © The Royal Society of Chemistry 2017
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PEDOT:PSS lms based device to 9.62%, 12.17% and 10.34% for
the argon plasma treated PEDOT:PSS lm based devices by
1 min, 3 min and 5 min, respectively.

2. Experimental
2.1 Experimental materials

PEDOT:PSS (Clevios™ PVP. AI 4083) was purchased from Her-
aeus Materials Technology Shanghai Ltd. CH3NH3I was
purchased from Deysol. Lead iodide (PbI2, 99%), anhydrous
N,N-dimethylformamide (DMF, 99.8%) and anhydrous chloro-
benzene (CB, 99.8%) were purchased from Sigma-Aldrich
company. [6,6]-Phenyl-C61-butyric acid methyl ester (PC61BM,
>99%) was purchased from Xi'an Polymer Light Technology
Corp.

2.2 PEDOT:PSS lms fabrication and characterization

Firstly, indium tin oxide (ITO) coated on glass (1.5 � 1.5 cm2)
was pre-cleaned by detergent, deionized water, acetone and
ethanol in sequence. Then PEDOT:PSS lms were deposited on
the ITO coated glass by spin-coating the PEDOT:PSS solution at
a speed of 5000 rpm. Aer heated at 150 �C on a hot plate for
10 min, the PEDOT:PSS lms were mild argon plasma post-
treated by plasma cleaner system with the type of PDC-36G
under a base pressure of around 170 Pa for a certain time of
several minutes from 0 to 5 min.

When measuring the conductivity, the PEDOT:PSS lms
were directly deposited on the glass instead of ITO, and
measured by Keithley B2902A system. Silver-indium was welded
on the diagonal corners of each PEDOT:PSS lm as the electrical
contacts for the J–V characteristics measurement. The
morphology of the lms was observed by atomic force micro-
scopic (AFM, SPI3800, Japan) and scanning electronmicroscope
(SEM, JEOL, JSM-5900 LV). The wettability of CH3NH3PbI3
precursor solution (2.5 mL) and PEDOT:PSS lm surface were
measured by drop shape analyzer produced by KRUSS. X-Ray
photoelectron spectroscopy (XPS) was carried out with an
ESCALAB 250 electron spectrometer from the Chengdu Branch
of the Chinese Academy of Sciences.

2.3 Device fabrication and characterization

The schematic illustration of the inverted planar heterojunction
perovskite solar cells with the structure of ITO/PEDOT:PSS/PVSK/
PC61BM/Ag was shown in Fig. 1. The CH3NH3PbI3 perovskite
Fig. 1 Schematic illustration of the designed device.

This journal is © The Royal Society of Chemistry 2017
active layer was deposited onto the as-prepared PEDOT:PSS layer
by spin-coating CH3NH3PbI3 precursor solution (40 wt% in DMF)
at 4000 rpm for 40 s. In order to improve the crystallization of
perovskite active layer deposited by one-step solution method, 70
mL chlorobenzene was dropped quickly onto CH3NH3PbI3 wet
lm about 6 seconds aer the beginning of spinning as reported
in the literature.14 Then the lms were annealed at 110 �C for
30 min inside the glove box lled with nitrogen. Aer that,
a solution of PC61BM in chlorobenzene was spin-coated onto the
perovskite lm at 3000 rpm for 40 s. Finally, a 100 nm Ag layer
was deposited by thermal evaporation process. The current
density–voltage (J–V) measurement was carried out by Keithley
model 2400 Source Meter under simulated AM 1.5G solar illu-
mination (100 mW cm�2) generated by solar simulator (ABET
Technologies, SUN 3000).

3. Results and discussion
3.1 Effect of Ar plasma post-treatment on PEDOT:PSS

Fig. 2 and 3 show top-view SEM and cross-section SEM images
of surface morphology of PEDOT:PSS lms treated by the argon
plasma as a function of treatment time, respectively. A
nonuniform distribution of nanometer-scale islands with
a diameter of around 50–100 nm was observed on the untreated
PEDOT:PSS lm. Aer the argon plasma treatment, the surface
morphology of PEDOT:PSS lm was observed that the density of
islands increased but the size of the islands decreased. The
bombardment of argon plasma resulted in a lot of etched small
particles about 2–5 nm on the surface of the islands aer 1 min
treatment (Fig. 2b). As the treatment time increased, the density
of nanometer-scale particles became higher (Fig. 2c). Aer
5 min treatment, the particles evolved into the uniformly
distributed new islands about 15–20 nm which have replaced
the pristine nonuniform big islands (Fig. 2d).

To investigate the effect induced by plasma post-treatment
on the lm thickness, a reference thickness was measured by
Prolometer Tencor Alfa-step 500. The average thickness
reduced from 107 nm to 84 nm aer 30 min treatment, sug-
gesting a removal rate of around 0.8 nm min�1. It was also
Fig. 2 SEM images of PEDOT:PSS treated by argon plasma for
different time: (a) untreated, (b) 1 min, (c) 3 min, (d) 5 min.
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Fig. 3 Comparison of the cross-section SEM images of PEDOT:PSS
treated by argon plasma for different time: (a) untreated PEDOT:PSS,
(b) 3 min.
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conrmed by the cross-section SEM images as shown in Fig. 3.
The thickness of untreated and 3 min treated lms are 31.3 nm
and 29.2 nm respectively, which is in accordance with the Pro-
lometer measurements. The above results indicated that the
plasma treatment process could remove materials from the
surface of PEDOT:PSS layer quite slightly, which was slower
than the removal rate of approximately 5 nm min�1 presented
in the literature.11

The surface morphology of PEDOT:PSS lms was also
examined by AFM as shown in Fig. 4, which conrmed the
observation from SEM. Initially, AFM image showed
nanometer-scale islands with a size of approximately 100 nm
(Fig. 4a) on the untreated PEDOT:PSS layer, suggesting a root-
mean-square (RMS) of 1.12 nm. Aer 1 min treatment, small
particles were found on the surface, which is ascribed to the
removal of featureless top PSS chains from the surface15,16

(Fig. 4b) (RMS ¼ 1.14 nm). With increased treatment time, the
density of particles increased and the edge of the particles
became shaper (Fig. 4c), and PEDOT:PSS surface showed more
uniformed and more condensed grains. Aer 5 min treatment,
the particles gradually connected to the adjacent ones and
grown up to islands around 20 nm (RMS ¼ 1.26 nm). It should
be noticed that much rougher surface was found for argon
plasma treated PEDOT:PSS lms (Fig. 4b–d), among which
Fig. 4 AFM surface images of PEDOT:PSS treated by argon plasma for
different time: (a) untreated, (b) 1 min, (c) 3 min, (d) 5 min.

17400 | RSC Adv., 2017, 7, 17398–17402
3 min treated PEDOT:PSS lm formed roughest surface (RMS ¼
1.36 nm).

To investigate the possible changes in the lm conductivity,
the conductivity of PEDOT:PSS lm (s) was calculated according

to the following formulation: s ¼ 1
Rs � d

. Rs and d represent the

sheet resistance and the thickness of measured lm, respec-
tively. Rs was measured by a four-point probe method with
a Keithley Instrument Model B2902A. To minimize the effect of
the contact resistance between the PEDOT:PSS lm and the
probe, silver–indium layer was thermally deposited on the
PEDOT:PSS surface as top electrode.

The conductivity is 12.8 mS cm�1 for pristine PEDOT:PSS
lm, and 14.3 mS cm�1, 15.5 mS cm�1, 17.9 mS cm�1 for the
lms treated by argon plasma for 1 min, 3 min and 5 min,
respectively. The plasma-treated PEDOT:PSS layers exhibited
enhanced conductivity, which may be attributed to the enlarged
ratio of PEDOT to PSS. Normally, the PEDOT-to-PSS molar
concentration ratio in lms strongly affects the electrical
conductivity and sheet resistance. The higher PEDOT concen-
tration, the larger the electrical conductivity corresponding
charge transporting layer.17

XPS spectra was measured to determine the surface
component of PEDOT:PSS lms modied by argon plasma post-
treatment. Fig. 5 shows the S 2p spectra of pristine PEDOT:PSS
lms and treated lms. Two binding energy components are
observed at 164.0 and 168.2 eV, which are corresponding to
PEDOT and PSS respectively.18,19 The S 2p contributing peaks at
163.9 and 165.3 eV result from the spin-split doublets of the
sulfur atoms in PEDOT. On the other hand, the S signals from
PSS are present at 166.5–171.0 eV because high-electronegative
oxygen atoms are attached to sulfur fragments of PSS.20 The
higher binding energy component of the S 2p peak at 169.2 eV
(green line, Fig. 5) is associated with the SO3–H group of PSS,
whereas the lower binding energy component of the S 2p peak at
168.1 eV (pink line, Fig. 5) corresponds to the SO3

� group of
Fig. 5 S (2p) core level spectrum for PEDOT:PSS films treated by
argon plasma for different time: (a) untreated, (b) 1 min, (c) 3 min, (d)
5 min.

This journal is © The Royal Society of Chemistry 2017
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PSS.21 With the increase of treatment time, the peak areas rate
of PEDOT to PSS increased from 0.14 (untreated) to 0.27, 0.33,
and 0.40, respectively, indicating that PEDOT-to-PSS molar
concentration ratio are signicantly enhanced during low
energy argon plasma treatment, which is in good accordance
with the aforementioned conductivity results. Unfortunately,
the mechanism of the increasing PEDOT-to-PSS ratio by mild
argon plasma treatment has not been fully understood yet. As
descripted in the ref. 22 and 23, there is a layer of excess PSS
with the thickness of approximately 32–43 Å surrounding the
PEDOT–PSS grains at the surface. During argon plasma treat-
ment, the excess PSS is easily removed away from the surface of
the lms, which is likely ascribed to the change of chemical
compositions.

The interfacial property of hole transport layers plays a crit-
ical role on the deposition of perovskite layers. To further study
the surface wettability of PEDOT:PSS lms, the contact angle
measurements between the droplet of perovskite precursor
solution and PEDOT:PSS lms were executed at the same time.
The difference between the argon plasma treated PEDOT:PSS
lms and un-treated PEDOT:PSS is compared. It is found that
the contact angel of perovskite precursor solution on the
untreated PEDOT:PSS lms is 11.2�. Aer different argon
plasma treatment time, the angle decreases to 8.9�, 7.2�, 7.1�,
respectively.

It is suggested that the wettability can be signicantly
improved by argon plasma post-treatment, which can be mainly
explained by the increased surface free energy.24 It also could be
partially explained by the condensed particles or islands
appeared on the treated surface which leads to a relatively
higher specic surface area. Another reason is that the
contamination or dust particle on surface of PEDOT:PSS may be
removed by the plasma cleaning process. Fig. 6 shows images of
nal morphology by dropping 2.5 mL perovskite precursor
Fig. 6 The morphology of perovskite precursor solution dropped on
the PEDOT:PSS films for different time: (a) untreated PEDOT:PSS, (b)
1 min, (c) 3 min, (d) 5 min.

This journal is © The Royal Society of Chemistry 2017
solution on the PEDOT:PSS lms aer argon plasma treatment
for 0 min, 1 min, 3 min, 5 min, respectively. It was seen that
perovskite precursor solution is dispersed more easily on the
argon plasma treated PEDOT:PSS lms. Meantime, the surface
wettability of treated PEDOT:PSS lms and perovskite precursor
solution is also found to be improved because of the bigger
solution area in the pictures.

3.2 The performance of the devices

Inverted planar heterojunction perovskite solar cells with the
structure of ITO/PEDOT:PSS/CH3NH3PbI3/PC61BM/Ag were
fabricated to study the inuence of Ar plasma post-treatment on
the cells' performance. The morphology and crystalline of the
perovskite lms on different treated PEDOT:PSS were charac-
terized, as shown in Fig. S1.† It is found that the uniform grains
could be obtained on the treated PEDOT:PSS, and the best
morphology was grown on 3 min-treated one. The J–V charac-
teristics and photovoltaic performance data corresponding to
the power conversion efficiency (PCE) for various treating time
were shown in Fig. 7.

The pristine PEDOT:PSS lms based device gave an open
circuit voltage (Voc) of 0.86 V, a short circuit current density (Jsc)
of 16.72 mA cm�2, a ll factor (FF) of 0.66 and a PCE of 9.65%.
As the treatment time increased, the Voc increased to 0.87 V,
0.88 V, 0.92 V for 1 min, 2 min and 3 min, respectively. It
reached a maximum of 0.94 V at 4 min, and then dropped down
to 0.87 V at 5 min. Compared with the untreated PEDOT:PSS
lm based device, the Jsc increased from 16.72mA cm�2 to 19.14
mA cm�2 excitingly, corresponding to the 3 min treatment. On
the contrary, the argon plasma treatment has less inuence on
the value of FF except for 3 min treatment. Compared with the
untreated PEDOT:PSS lm based device, the PCE increased
from 9.55% to 9.62%, 10.78%, 12.17%. Therefore, it indicates
that an appropriate treating with argon plasma can effectively
improve the performance of PSCs, which can be attributed to
the enhanced Voc and Jsc.
Fig. 7 J–V curves and PV performance data of inverted planar PSCs
based on PEDOT:PSS films treated by argon plasma as a function of
treatment time.
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The Jsc is found to be improved markedly by argon plasma
post-treating on the surface of PEDOT:PSS lms, which is
attributed to an enhanced charge collection efficiency resulting
from improved wettability between the perovskite layer and
PEDOT:PSS layer.8 A higher conductivity caused by the removal
of PSS concentration from XPS analysis may contribute to the
improved Jsc. The signicantly increased value of Voc could be
explained by the changing of HOMO and LUMO band gap level
presented by Attri, et al.,25 which leads to a restrained charge
recombination. It should be noticed that, the devices based on
PEDOT:PSS layer treated by 4 min and 5 min exhibit reduced
efficiency of 11.29% and 10.34%, which are still higher than the
efficiency of devices based on pristine PEDOT:PSS layer. In
order to study the repeatability, 5 series of experiments at the
same conditions have been executed, and the results showed
that argon plasma post-treatment on PEDOT:PSS could effec-
tively enhance the performance of inverted planar hetero-
junction perovskite solar cells, even though a certain uctuation
is presented, as shown in Fig. S2.†
4. Conclusions

In summary, we have systematically studied the inuence of
mild argon plasma post-treatment on the properties of the
PEDOT:PSS lms, the subsequent interface wettability between
perovskite and PEDOT:PSS lms, as well as the PSCs perfor-
mance. XPS analysis conrmed that PSS component was
partially removed, leading to an enhanced conductivity of
a PEDOT-rich surface. SEM and AFM analysis revealed that
argon plasma treated PEDOT:PSS surface appeared uniformly
distributed islands with increasing surface roughness and
consequently led to better wettability interface between perov-
skite lm and PEDOT:PSS lms. Although the PEDOT to PSS
molar concentration ratio and surface morphology were modi-
ed, and the layer thickness was found to decrease slightly
(0.8 nm min�1) for those plasma-treated PEDOT:PSS layers,
which was evidenced by cross sectional SEM images and pro-
lometer measurements. PSCs based on argon plasma treated
PEDOT:PSS lms were fabricated, and corresponding efficiency
of PSCs remarkably increased from 9.55% for the pristine
PEDOT:PSS lms based device to 12.17% for the 3 min-treated
PEDOT:PSS lm. We believe that this method may be bene-
cial for enhancing the efficiency of all PSCs.
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