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ABSTRACT: Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
has been widely used as a hole-conducting polymer in many optoelectronic devices
including perovskite solar cells. However, its electrical and surface properties are not well
controlled during the conventional ambient annealing. Herein, we apply the solvent post-
treatments, including toluene vapor annealing and ethylene glycol (EG) washing, to modify
not only the electrical conductivity and work function but also, importantly, the surface
composition and morphology of PEDOT:PSS thin films. We show that annealing
PEDOT:PSS films in a nonpolar toluene vapor environment results in a slightly enhanced
electrical conductivity and increased work function while maintaining the surface
composition and morphology. The CH;NH;PbI; perovskite solar cells using the toluene
vapor-annealed PEDOT:PSS hole transporting layers (HTLs) yield a 31.8% increase in
power conversion efficiency (PCE) from the control devices with the ambient condition-
annealed PEDOT:PSS HTLs. All photovoltaic parameters are increased because of reduced
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trap states at the perovskite/HTL interface, as well as efficient and balanced charge generation, transport, and extraction rates. In
contrast, washing PEDOT:PSS films with the polar EG solvent removes the PSS on the surface, increases the surface roughness, and
dramatically increases the electrical conductivity by 5 orders of magnitude but slightly decreases the work function. Consequently,
the CH3;NH;Pbl; perovskite solar cells with EG-washed PEDOT:PSS HTLs result in a 28.6% decrease in PCE from the control
devices because of the increased trap states at the perovskite/HTL interface, which leads to an inefficient hole extraction. The charge
accumulation at the perovskite/HTL interface also reflects in a serious hysteresis of J—V curves in the reversed bias region. This
work highlights the importance of controlling both electronic and surface properties of PEDOT:PSS HTLs for the improvement of

perovskite solar cell performance.

KEYWORDS: solvent annealing, hole transport material, perovskite, solar cell, PEDOT:PSS

B INTRODUCTION

Hybrid perovskite solar cells show great potentials as a
renewable energy source because of the exceptional optoelec-
tronic properties of perovskites including strong light
absorption," high charge carrier mobility and lifetimes,”’
long ambipolar carrier diffusion lengths,é"5 and the low-cost,
large area solution processability. Power conversion efliciency
(PCE) of perovskite solar cells has been dramatically improved
to over 20%° from 3.8% since 2009. Perovskite solar cells with
an inverted p—i—n architecture have a perovskite photoactive
layer (i) sandwiched between a hole transport layer (HTL, p)
and an electron transport layer (ETL, n) with the HTL built
on top of the transparent anode. The capability of solution
processing of each layer at moderate temperatures makes the
inverted structured perovskite solar cells more attractive for
commercialization.*”
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) has been widely used as a hole conducting
polymer in many optoelectronic devices, such as light-emitting
diodes (LEDs),'® photodetectors,'”'* and solar cells.*” Spin-
cast PEDOT:PSS films are known to have core—shell
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domains.'”"* The core is a composite of hole-conducting,
short-oxidized PEDOT chains (typically 5—10 repeat units) '’
doped by polyelectrolyte PSS counter ions, and the shell is
formed by excess, nonconductive PSS with a thickness of
around 3—4 nm."*'® Therefore, the electrical conductivity and
work function of a PEDOT:PSS film, which are critical to
perovskite solar cell performance, strongly depend on the
microstructures and morphologies of PEDOT:PSS domains in
the film. The weight ratio of PSS and PEDOT is also a critical
factor as it directly affects the electrical conductivity and work
function of PEDOT:PSS films. The highly conducting grade
PEDOT:PSS (CLEVIOS PH 1000) with a 2.5:1 PSS to
PEDOT weight ratio has an electrical conductivity in the order
of 107" S/cm but relatively large energy mismatches with most
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photoactive materials."” Various processing methods have been
developed to either modify the microstructures or reduce the
PSS amount to further enhance the electrical conductivity of
PH1000 PEDOT:PSS by 2—4 orders of magnitude for a
variety of applications of conducting polymers, including the
replacement of transparent conductive oxides as electrodes for
flexible solar cells.'"®™** PH1000 PEDOT:PSS has also been
used as HTLs. Adding poly-(ethylene glycol) (PEG), ethylene
glycol (EG), or dimethyl sulfoxide (DMSO) into PH1000
PEDOT:PSS emulsions or ultrasonication-treating PH1000
PEDOT:PSS emulsions facilitates the rearrangement of PSS in
the spin-cast PEDOT:PSS films, which varies the electrical
conductivity, resulting in the improved performance of the
perovskite, polymer, and planar silicon solar cells.”*~>°

The commercial PEDOT:PSS (CLEVIOS P VP Al 4083)
with a 6:1 PSS to PEDOT weight ratio has a suitable work
function as an HTL for most polymer and perovskite solar
cells, but its strong acidity and low electrical conductivity due
to the increased PSS content have direct impacts on device
performance and stability. Various methods have been
explored to neutralize acidity, modify PEDOT and PSS
domain structures, or reduce the PSS amount. Adding bases
to Al 4083 PEDOT:PSS not only neutralizes its acidity but
also modifies its optical and electronic properties. It was found
that strong base like NaOH dedoped the PEDOT:PSS and
decreased the work function because of the change in relative
stability of oxidized thiophene units induced by the
replacement of PSS-H with PSS-Na, which adversely affects
hole injection in polymer LEDs.'® Using an organic mild base,
imidazole, to increase the pH from 2.2 to 9, the basic
PEDOT:PSS maintained 90% of its original electrical
conductivity while increasing the work function to —5.3 eV,
closer to the valence band maximum (—5.43 eV) of the
CH;NH;PbI; perovskite. The basic PEDOT:PSS HTL
resulted in a marked increase in PCE of the inverted
CH;NH,;Pbl; perovskite solar cell from 12.7 to 15.7% because
of a significantly enlarged open-circuit voltage (Vo) from 0.88
to 1.06 V.”” Organic solvents have been explored to add into
AI 4083 PEDOT:PSS emulsions and deployed the modified
PEDOT:PSS as an HTL in organic and perovskite solar
cells.”®*” The cosolvent of polar methanol and nonpolar 1,2-
dichlorobenzene (DCB) was shown to significantly increase
the PEDOT:PSS electrical conductivity by 3 orders of
magnitude to ~10 S/cm because of the morphology changes
induced by the preferential solvation of hydrophobic PEDOT
and hydrophilic PSS with the two components of the
cosolvent. The greatly enhanced electrical conductivity slightly
improved the short-circuit current density (Jgc) while no
improvements in the Vi and fill factor (FF), resulting in a
limited increase in PCE from 3.98 to 4.31% of the organic solar
cells.”” A single polar DMSO solvent was added in AT 4083
PEDOT:PSS emulsions, and the modified PEDOT:PSS was
used as an HTL in the CH;NH,PbI, perovskite solar cells.”®
An apparent increase in PCE from 12.2 to 16.7% was achieved
with the DMSO-treated PEDOT:PSS HTL compared to the
pristine PEDOT:PSS, which is mainly because of the increase
in Jsc while no changes in Vo and FF. Despite a minor
electrical conductivity increase and even a slight drop in work
function to —4.9 eV, the enhanced ;- was attributed to the
two positive impacts of the DMSO-treated PEDOT:PSS: the
efficient pathway of hole extraction and transport and the
modulation of the CH;NH;PbI; crystal growth with improved
morphology and crystallinity.
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Instead of adding solvents or chemicals into PEDOT:PSS
emulsions, various methods have also been developed to treat
PEDOT:PSS films during or post annealing. Spin-coating
sodium citrate solution on the preannealed PEDOT:PSS
partially removed PSS from the surface, resulting in the
increased Jgc and Vg of CH;NH;PbI, perovskite solar cells.*
The sodium citrate-treated PEDOT:PSS HTLs promoted the
growth of large perovskite crystalline grains and enhanced
charge collection. CH;NH;Pbl; perovskite solar cells with the
PEDOT:PSS HTLs, treated with propionic acid (PA) and
blowing nitrogen gas during annealing, exhibited an increased
Voc from 0.842 to 0.877 V because of the reduced charge
carrier recombination at the PA-treated PEDOT:PSS/perov-
skite interface.”’ Polar organic solvents, such as DMSO,
dimethylformamide (DMF), g-butyrolactone (GBL), or their
cosolvents, are commonly used in preparing perovskite
precursor solutions. The effect of PEDOT:PSS films treated
with these solvents was investigated, and no significant impact
was observed on the device performance.”” " However, the
perovskite precursor methylammonium iodide (MAI) in DMF
or DMSO was found to play a critical role in removing PSS
from the PEDOT:PSS surface, which increased the surface
roughness and electrical conductivity from 107 to 10" S cm™
but lowered the device performance.’” Stronger polar solvents,
such as water, ethanol, or their mixtures, were spin-coated on
the preannealed PEDOT:PSS films.”*** PSS was partially
removed from the surface and the electrical conductivity was
increased, but inferior device performance was shown. Spin-
coating PSSNa on the treated PEDOT:PSS films restored the
PSS content on the surfaces and the device performance was
recovered, indicating the importance of having PSS on
PEDOT:PSS surfaces. However, recent studies showed that
significantly reducing PSS on PEDOT:PSS surfaces improved
the device performance. Deploying PEDOT:PSS HTLs,
treated by sequentially dipping the PEDOT:PSS films in EG
and methanol, in the CH;NH;PbI; perovskite solar cells not
only enhanced all photovoltaic parameters but also improved
device stability.’® Dipping the PEDOT:PSS films in EG helps
in forming hydrogen bonds between EG and PSS and makes
PEDOT conformation change from coil-like to linear. The
subsequent dipping in methanol removes PSS and EG from the
surfaces, resulting in PEDOT-rich films, which benefits the
charge transport and device stability. Recent studies even
showed that drop-casting ultrapure water on the preannealed
PEDOT:PSS film yielded a monolayer of PEDOT:PSS on an
indium tin oxide (ITO)/glass substrate with PSS attached to
ITO via In—O-S chemical bonds and PEDOT on the
surface.’” All photovoltaic parameters were increased, and a
PCE of 18.0% was achieved in comparison to 13.4% for the
device with a control PEDOT:PSS HTL made by conventional
annealing. Apparently, apart from electrical conductivity and
work function, surface properties of PEDOT:PSS films could
have a remarkable impact on perovskite solar cell performance,
and further investigations are highly desired.

In this work, we apply the solvent post-treatments, including
the nonpolar toluene vapor annealing and polar EG washing,
to modify not only the electrical conductivity and work
function but also, importantly, the surface composition and
morphology of AI 4083 PEDOT:PSS thin films. We show that
annealing PEDOT:PSS films in a nonpolar toluene vapor
environment allows a slow rearrangement of PEDOT and PSS
domains, resulting in a slightly enhanced electrical conductivity
and increased work function, while maintaining the surface
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Figure 1. Schematics of post-treatment processes and the resulting conformations of PEDOT:PSS thin films. The long blue and short red curves
stand for PSS and PEDOT chains, respectively, which are the hole-conducting cores. The light blue background represents nonconductive shells
formed by excess PSS. The dashed black boxes indicate the microstructure and morphology near the surface.

composition and morphology. As a result, the CH;NH;PbI;
perovskite solar cells using the toluene vapor-annealed
PEDOT:PSS HTLs yield a 31.8% increase in PCE from the
control devices with the ambient condition-annealed PE-
DOT:PSS HTLs. All photovoltaic parameters are increased
because of reduced trap states at the perovskite/HTL interface,
as well as efficient and balanced charge generation, transport,
and extraction rates. In contrast, washing preannealed
PEDOT:PSS films with the polar EG solvent removes PSS
on the surface, increases the surface roughness, and
dramatically increases the electrical conductivity by S orders
of magnitude but slightly decreases the work function.
Consequently, the CH;NH;PbI; perovskite solar cells using
the EG-washed PEDOT:PSS HTL result in a 28.6% decrease
in PCE from the control devices. The decreases in Jgc and FF
are attributed to the increased trap states at the perovskite/
HTL interface, which leads to an inefficient hole extraction.
The charge accumulation at the perovskite/HTL interface also
reflects in a serious hysteresis of J—V curves in the reversed
bias region. This work highlights the importance of controlling
both electronic and surface properties of PEDOT:PSS HTLs
for the improvement of perovskite solar cell performance.

B RESULTS AND DISCUSSIONS

Solvent Post-treatment of PEDOT:PSS Thin Films. The
spin-casted PEDOT:PSS thin films are typically annealed
under the ambient condition at >120 °C for a certain length of
time. As illustrated in Figure 1, we prepared the control
PEDOT:PSS thin films by annealing in air at 120 °C for 25
min. The solvent post-treated PEDOT:PSS films were
prepared by annealing in toluene vapor at 120 °C for 25
min or spin-casting EG on preannealed PEDOT:PSS films
followed by annealing in air at 120 °C for another 10 min,
which is referred to EG washing PEDOT:PSS. We attempt to
manipulate the nonequilibrium process during annealing using
solvents that have different hydrophobicities. When deposited
from aqueous dispersion, instead of reaching an equilibrium
state in the solid film, PEDOT:PSS polymer domains are
“frozen” in nonequilibrium states.’”®*™* Annealing in air with
the temperature higher than the boiling point of water
evaporates water molecules from the PEDOT:PSS film,
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forming a core—shell structure with excess PSS on the surface
because of the hydrophilic nature of the ambient condition.
Washing the preannealed PEDOT:PSS film with EG removes
the excess surface PSS because of the hydrophilic property of
EG with a dielectric constant of 37. EG molecules are left
behind in the PEDOT:PSS film after washing. Because the
boiling point of EG is 197 °C, almost double the boiling point
of water, the hydrophilic EG molecules stay in the film even
longer than water molecules during the second annealing
process, causing the segregation of PSS and PEDOT
domains.'”**** Toluene, as a nonpolar solvent, has a low
dielectric constant of 2.38 and a boiling point of 111 °C.
Annealing at 120 °C with toluene vapor allows hydrophobic
toluene molecules interact with hydrophobic PEDOT,
inducing the rearrangement of PEDOT and PSS micro-
structures, especially close to the surface.

To investigate the influence of solvent post-treatments on
surface properties of PEDOT:PSS films, we conducted the
water contact angle measurements and acquired the AFM
images (Figure 2). The significant difference in hydrophobicity
between PEDOT and PSS makes the measurement of the
water contact angle on a PEDOT:PSS surface a quick method
to detect the changes in the relative amount of PEDOT and
PSS on the surface. A small water contact angle of 7.7° of the
air-annealed surface indicates that the surface is mainly

Figure 2. Contact angle of water on PEDOT:PSS films prepared with
(a) air annealing, (b) toluene vapor annealing, and (c) EG washing,
along with their topographic AFM images displayed in (d—f),
respectively. The circles and arrows in (d—f) mark the PEDOT
clusters and chainlike nanostructures, respectively. AFM image size is
1 ym X 1 um, and the Z scale is 10 nm.
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Figure 3. XPS spectra of S 2p of PEDOT:PSS thin films prepared with air annealing, toluene vapor annealing, and EG washing. The electron
takeoff angle is 70° for the spectra shown in (&, ¢, and e) and 0° in (b, d, and f), corresponding to the electron escape depth of 1 and 10 nm,

respectively.

occupied by the hydrophilic PSS (Figure 2a). The water
contact angle increases to 13.1 and 12.0° after toluene vapor
annealing and EG washing (Figure 2b,c), suggesting that more
hydrophobic PEDOT chains segregate to the surfaces but the
surfaces are still dominated by the hydrophilic PSS. The
increase in water contact angle was observed on the
PEDOT:PSS surfaces in which PSS was partially removed.***’
The AFM images show that both air-annealed and toluene
vapor-annealed PEDOT:PSS films are highly smooth with the
surface roughness less than 1 nm (Figure 2d,e). The toluene
vapor-annealed PEDOT:PSS surface is slightly rougher and has
more agglomeration of oblate ellipsoidal-shaped PEDOT
nanocrystals,26 marked in dashed circles. Chainlike nanostruc-
tures, marked in arrows, remain clear after toluene vapor
annealing but become obscured after EG washing. EG washing
produces a rough surface and closely packed PEDOT
nanocrystals with enlarged size (Figure 2f), which is ascribed
to the removal of PSS from PEDOT:PSS surfaces.”””"**~**
To quantitatively characterize the surface chemical compo-
sition of PEDOT:PSS films prepared with different methods,
we performed the XPS studies and changed the electron
takeoff angle from the normal 0 to 70°, corresponding to the
electron escape depth of 10 and 1 nm, respectively. The typical
S 2p spectra of PEDOT:PSS with and without solvent post-
treatment are shown in Figure 3a—f. The spectra show two S
2p bands, each corresponding to a doublet of S 2p;,, and S
2p,;, components with 1.2 eV spin—orbit splitting and a 2:1
intensity ratio. The sulfur signal for PSS appears at higher
binding energy (168—169 eV) because of the three electro-
negative oxygen attachments in the sulfonate moiety with-
drawing the electron density of the sulfur atom. The S 2p
doublet at 164—165 eV comes from the sulfur atom of the
PEDOT.””*® The ratio of the S 2p;,, peak area for PEDOT
and PSS is used to estimate the relative composition of
PEDOT and PSS on the surface, and the value is displayed in
each corresponding figure. The lowest PEDOT/PSS ratio of
0.07 is found for the top 1 nm of the air-annealed PEDOT:PSS
surface (Figure 3a), and the ratio is increased to 0.12 when the
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electron escape depth is increased to 10 nm (Figure 3b),
indicating that PSS is predominantly the top surface of air-
annealed PEDOT:PSS and the PEDOT content increases in
the underneath surface. These PEDOT/PSS ratios are in a
good agreement with the literature values of 0.09—0.20 for air-
annealed PEDOT:PSS.>***73¢ The similar PEDOT/PSS ratios
at 1 and 10 nm probe depths of toluene vapor-annealed
PEDOT:PSS (Figure 3c,d) suggest that the surface chemical
composition remains almost the same and the surface is still
dominated by PSS, even though toluene molecules induce the
rearrangement of PEDOT and PSS domains shown by AFM
and contact angle measurements. EG washing dramatically
increases the PEDOT/PSS ratio to 0.25 in the top 1 nm
surface, and this ratio remains the same in the top 10 nm
surface (Figure 3ef), indicating that EG molecules effectively
remove PSS from the surface and create a relatively uniform
chemical composition in the top 10 nm surface. The PEDOT
to PSS ratios were reported to be 0.30, 0.25, and 0.24 for the
PEDOT:PSS films treated with DMF, DMSO, and EG
washing, respectively,”* which are consistent with our results.
Both XPS and AFM results indicate that PSS shells are partially
removed by EG washing.

The change in the surface composition is further confirmed
by C 1s spectra, shown in Figure S1. The peak fitting of core-
level C 1s is shown in Figure Sla—f for the air-annealed,
toluene vapor-annealed, and EG-washed PEDOT:PSS films
with normal and high electron takeoft angles, respectively. The
spectra for all samples displayed three components with
binding energies at 285.0, 286.5, and 287.8 eV, corresponding
to C—H/C—C, C-0O, and C—S of PEDOT:PSS, respec-
tively."” In comparison to the C 1s spectra of the air-annealed
PEDOT:PSS film, the film treated with toluene vapor
annealing shows insignificant changes, while the EG-washed
film develops an obvious difference in the C 1s spectra, where
the high-binding energy side of the main peak, representing the
C—S and C—O, exhibits a consistent enlargement in intensity
in both top 1 and 10 nm surfaces. This is indicative that the
outermost surface of the PEDOT:PSS film becomes rich in
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Figure 5. (a) Electrical conductivity and (b) UPS spectra of PEDOT:PSS films prepared by air annealing, toluene vapor annealing, and EG
washing. The inset in (b) shows the corresponding secondary electron cutoff. (c) Energy diagram showing the work function of ITO and
PEDOT:PSS thin films and the valence band maximum and conduction band minimum of CH;NH;PbI;. All the energy levels are in a unit of eV.

carbonyl carbon after EG washing, which suggests that there
are more PEDOT grains on the top surface of the EG-washed
film.

Although the XPS analysis provides the surface chemical
composition, UV—vis absorption spectroscopy could show the
change in the entire films. The UV—vis absorption spectrum of
the EG-washed PEDOT:PSS film shows a dramatic intensity
decrease of the peak at ~230 nm originated from the aromatic
rings of PSS (Figure S2). The decrease in the PSS absorption
peak was also observed for the PEODT:PSS films treated with
polar solvents.”>**~*” The PSS absorption peak of the toluene
vapor-annealed PEDOT:PSS film also decreases slightly, which
is consistent with the XPS results.

It is known that the PEDOT chain has a benzoid structure in
its reduced state and both quinoid and benzoid structures in its
oxidized state (Figure 4a). To further study the chemical state
and structure of PEDOT in the PEDOT:PSS films treated with
different solvent post-treatments, we acquired the Raman
spectra of PEDOT:PSS films and deconvoluted the spectra
between 1300 and 1700 cm™" (Figure 4b—d). The peaks at
1361, 1440, 1504, and 1570 cm ™! are assigned to the C4 = Cy
vibration, C, = C; symmetric stretching vibration, and C, = Cy4
asymmetric stretching vibrations, respectively.”’~*> The
inconspicuous peak centered at 1534 cm™' arises from the
splitting of the asymmetric vibrations and only presents if the
PEDOT is highly oxidized.* The 1440 cm™ peak can be
deconvoluted into two separated bands, centered at 1414 and
1445 cm™, because of the C, = Cj symmetrical stretching in
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quinoid and benzoid structures, respectively. We calculated the
quinoid to benzoid ratio (Q/B) from these peak areas. The Q/
B ratio of the toluene vapor-annealed PEDOT:PSS is 0.52,
higher than the values of 0.45 and 0.43 of the air-annealed and
EG-washed films, respectively. The increase in Q/B ratio
indicates that toluene vapor annealing helps with the change in
PEDOT chains from a more coil-like benzoid structure to a
more linear or extended quinoid structure, allowing closely
packing PEDOT chains, which facilitates hole transport.*® The
expansion of PEDOT chains is believed to cause the size
increase in PEDOT nanocrystals observed in the AFM
images.26 In contrast, EG washing simply removes excess
PSS but has no impact on the PEDOT structure. This is
because EG only has a very short time to interact with PSS
during spin casting. Adding EG into PEDOT:PSS emulsions or
dipping PEDOT:PSS films into the EG solvent allows a much
longer time for EG molecules to interact with PSS, which
facilitates the formation of hydrogen bonds between EG and
PSS and induces the conformation change in PEDOT.***’
Figure Sa shows the electrical conductivity of air-annealed,
toluene vapor-annealed, and EG-washed PEDOT:PSS films.
The electrical conductivity of the toluene vapor-annealed
PEDOT:PSS film increases slightly to 2.2 X 107* from 1.9 X
10™* S/cm of the air-annealed film, while about 5 orders of
magnitude increase is shown by the EG-washed film. The work
function of three PEDOT:PSS films was obtained from the
UPS study (Figure Sb and Table S1). The work function of the
air-annealed PEDOT:PSS film is —5.19 eV, similar to ~—5.2
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Figure 6. (a) Top-view SEM images, (b) XRD patterns, and (c) TRPL lifetime of CH;NH;Pbl; films fabricated atop PEDOT:PSS thin films
prepared with air annealing, toluene vapor annealing, and EG washing. The corresponding TRPL lifetimes are displayed in (c).
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Figure 7. (a) Ilustration of an inverted device structure with a CH;NH;PbI; active layer. (b) J—V characteristics, (c) Jsc as a function of light
intensity in a double logarithmic scale, and (d) Vi as a function of light intensity in a semilogarithmic scale for CH;NH;PbI; solar cells with the
PEDOT:PSS HTLs prepared with air annealing, toluene vapor annealing, and EG washing. Forward J—V scan is from —0.5 to 1.5 V with a scan rate

of 0.01 V/s.

eV reported in the literature.'”'>”” Toluene annealing
increases the work function to —5.21 eV, which is closer to
the valence band maximum (VBM) —5.43 eV of CH;NH,PblL,.
In contrast, EG washing decreases the work function to —4.92
eV, resulting in a larger energy mismatch between
PEDOT:PSS and the VBM of CH;NH,Pbl;. We used the
four-point probe method to measure electrical conductivity.
Therefore, the electrical conductivity is very sensitive to the
PSS content in the top surface region. Partial removal of PSS
with polar solvents results in a dramatic increase in electrical
conductivity, while a slight reduction in the work function of
PEDOT:PSS.***
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CH;NH;Pbl; Perovskite Films on Air-Annealed and
Solvent Post-treated PEDOT:PSS Thin Films. We used the
one-step solution process with antisolvent wash to fabricate the
CH;NH;Pbl; perovskite thin films on the PEDOT:PSS films
prepared in three methods. SEM images show almost identical
surface morphology and grain size for all perovskite films
(Figures 6a and S3), which is consistent with the previous
results.’”** The thin films are composed of grains with stacked
body-centered tetragonal lattice layers with sharply faceted
rhombo-hexagonal dodecahedra. XRD patterns, in Figure 6b,
show the peaks at 14.2, 23.6, 28.3, and 31.7°, corresponding to
the (110), (211), (220), and (310) crystal planes of the
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Table 1. Photovoltaic Parameters of CH;NH;PbI; Solar Cells With PEDOT:PSS HTLs Prepared With Air Annealing, Toluene
Vapor Annealing, and EG Washing”

PEDOT:PSS Voc (V) Jsc (mA/cm?) FF PCE (%) R (Q cm?) Ry, (Q cm?)
air 0.94 + 0.02 (0.93) 13.03 + 1.00 (14.00) 0.79 + 0.02 (0.80) 9.72 + 0.80 (10.35) 10.92 626.40
sol 0.97 + 0.02 (0.96) 16.64 + 1.90 (17.81) 0.76 + 0.04 (0.80) 1227 + 1.37 (13.64) 11.42 1139.16
EG 0.94 + 0.02 (0.94) 11.20 + 0.10 (11.27) 0.62 + 0.08 (0.70) 6.46 + 0.38 (7.39) 4.83 128.95

“The photovoltaic parameters of the best performance devices are in parenthesis. The series resistance Rg and shunt resistance Ry, are calculated
from the best performance devices.

tetragonal (I4/mcm) phase of the CH;NH,PbI; thin films.** summarized in Table 1. The series resistance Rg and shunt
There is no obvious difference in the intensity and full width at resistance Ry, of the best performance devices were calculated
half-maximum (fwhm) of diffraction peaks, implying that the with the equations in the Supporting Information, which are
crystallinity is almost identical for the perovskite films also summarized in Table 1. The best performance device with
fabricated on air-annealed, toluene vapor-annealed, and EG- the toluene vapor-annealed PEDOT:PSS HTL achieves a Jg

washed PEDOT:PSS films. The UV—vis absorption spectra of 17.81 mA cm™, a Vo of 0.96 V, and an FF of 0.80,
show that all three CH;NH,Pbl; thin films have the same resulting in a PCE of 13.64%. For comparison, a Jsc of 14.00
absorption edge around 780 nm (Figure S4). All these results mA cm™ 2, a Ve of 0.93 V, an FF of 0.80, and a PCE of 10.35%

show that the solvent post-treated PEDOT:PSS films have no are exhibited by the best performance device with the air-
obvious impacts on the morphology, crystallinity, and optical annealed PEDOT:PSS HTL. The series resistance of both
band gap of CH;NH;PbI; thin films fabricated atop of them. devices are similar, which could be attributed to similar quality
To investigate the morphology and composition change of of the perovskite films and the close electrical conductivity of
PEDOT:PSS thin films on charge extraction from the atop air-annealed and toluene vapor-annealed PEDOT:PSS HTLs.
perovskite films, we characterized the charge carrier lifetime The almost doubled shunt resistance of the device with the
using time-resolved photoluminescence (TRPL). We com- toluene vapor-annealed PEDOT:PSS HTL indicates more
pared the transient fluorescence decays from the PL peak at balanced charge transport and collection rates because of the
760 nm for three CH;NH,PbI; films (Figure 6c). Biexponen- better energy alignment (Figure Sc), yielding a higher V¢ and
tial fitting (eq 1) reveals both fast and slow dynamics, with the Jsc- The best performance device with the EG-washed
fast component lifetime (7;) values and the slow component PEDOT:PSS HTL shows the decrease in Js- and FF to
lifetime (7,) values listed in the inset of Figure 6c. 1127 mA cm™ and 0.70, respectively, leading to a PCE of
7.39%. The result indicates that a high electrical conductivity

t t of HTLs does not ensure a high device performance of

I(t) = 4 eXP{Z) + 4, eXP(Z] (1) perovskite solar cells, which has begen reportedpin the previous

work.>> Even though the series resistance of the device with

The fast decay component is closely related to nonradiative the EG-washed PEDOT:PSS is 4.83 Q cm’, which is the lowest

recombination by defects of surface traps near grain among three type:sAof de'vices because ‘_)f i‘ts extremely high
boundaries, and the slow decay component is related to electrical conductivity (FlgureZSa), the significantly decreased
radiative recombination from bulk perovskite.48 Because the shunt resistance, 128.95 €2 cm”, results in a low Jsc and FF of
perovskite films are made on top of the PEDOT:PSS HTLs, the device, which could be partially attributed to the larger
their PL lifetimes are also related to the effectiveness of hole energy %ni.salignment (Figure Sc). There are no observable
extraction by the underneath HTLs. Perovskite films made on hysteresis in the forward and backward scans of the ]=V curves
top of the air-annealed and toluene vapor-annealed for the devices with the air-annealed and toluene vapor-
PEDOT:PSS HTLs exhibit similar fast and slow decay times, annealed PEDOT:PSS HTLs. However, a significant hysteresis
indicating similar hole extraction capabilities of both is observed when a reverse bias is applied to the device with

PEDOT:PSS HTLs, which is consistent with their similar the EG-washed PEDOT:PSS HTL. Previous study shows that
surface morphology and composition. Both fast and slow decay the PSS-rich layer on the surface of PEDOT:PSS films has an

times are the longest for the perovskite film made on the EG- electron blocking effect.”” The absence of the PSS-rich layer
washed PEDOT:PSS, indicating that photon-generated holes makes the EG-washed PEDOT:PSS HTL ineffectively block
cannot be effectively extracted by this HTL. Even though a electron injection in the reverse bias. As a result, the current
rough and increased PEDOT content surface, which is density decreases with the decrease in applied reverse voltage
generated by EG washing, does not affect the morphology, during the forward scan (dashed red line in Figure 7b). The
crystallinity, and optical band gap of the CH;NH;PbI, higher applied reverse voltage around —0.4 V in the backward
perovskite film grown atop, it is inferior to hole extraction. scan, where the current density starts to increase with the

CH5NH;Pbl; Perovskite Solar Cells with Air-Annealed increase in applied reverse voltage, indicates a built-up internal

and Solvent Post-treated PEDOT:PSS HTLs. We deployed electric field caused by the accumulated charges at the HTL/
the PEDOT:PSS prepared in three methods in the planar perovskite interface.

structured solar cells with the structure of glass/ITO/ We further investigated how different PEDOT:PSS HTLs
PEDOT:PSS/CH;NH;Pbl;/PCsBM/BCP/Ag, as illustrated affect charge extraction and recombination in the devices.
in Figure 7a. All three PEDOT:PSS films show close to a unity Figure 7c presents the power law dependence of the J;c with
transmittance in the wavelength longer than 400 nm (Figure light intensity (J o I*) in a double logarithmic scale. The value
SS). Figure 7b shows the current density—voltage (J—V) of the scaling exponent a implies the balance of charge
characteristics of the best performance solar cells. The average generation, transport, and extraction. When «a is equal to 1,
and the best performance photovoltaic parameters are there is no substantial space charge built up and all carriers are
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collected prior to recombination. When « is less than 1, this
could be a result of bimolecular recombination, variations in
hole and electron carrier mobilities, or distribution in the
density of states. A scaling exponent a ~ 0.75 implies the space
charge effect, which might be induced by a carrier imbalance or
an interfacial barrier.””' Generally, the monomolecular
recombination refers to any first-order process including the
geminate recombination of a bound electron—hole pair before
dissociation and the Shockley—Read—Hall (SRH) recombina-
tion in the interfacial layer, while the bimolecular recombina-
tion refers to the recombination of free electrons and holes in
the photoactive layer.”> The @ value of the device with the
toluene vapor-annealed PEDOT:PSS HTL is the largest one,
0.97, indicating that this HTL significantly mitigates the
interfacial recombination loss at the HTL/CH;NH;PbI,
interface, thus improving Jsc, Voc, and FF. Both devices with
air-annealed and EG-washed PEDOT:PSS HTLs show the
same «a value, 0.93, indicating that multiple effects such as
bimolecular recombination and imbalanced hole and electron
extraction could coexist, resulting in loss of photogenerated
charges and thus lowering Jgc.

Because all of the photogenerated charge carriers in the
perovskite layer will eventually recombine within the cell under
open-circuit conditions,” the trend of Vpc as a function of
light intensity provides a direct insight into the role of trap-
assisted recombination within the devices having different
HTLs. The slope, nkgT/q, could be an indicator, where kg is
the Boltzmann constant, T is the absolute temperature, and q is
the electron charge. Entirely trap-assisted recombination may
be identified by a slope of 2kzT/q, while a slope in the order of
1kgT/q is indicative of purely bimolecular recombination
under open-circuit conditions.”* As shown in Figure 7d, among
the three devices, the device with the EG-washed PEDOT:PSS
HTL has the slope 1.97kT/q, while the other two devices with
the air-annealed and toluene vapor-annealed HTLs have the
slopes 0.89kzT/q and 0.92kzT/q, respectively, which have the
n values less than 1. These results clearly reveal that trap-
assisted recombination dominates in the device with the EG-
washed PEDOT:PSS HTL, resulting in loss of photogenerated
charges, lowering Jsc and FF. The device with the toluene
vapor-annealed PEDOT:PSS HTL has the slope close to
1kgT/q, indicating that bimolecular recombination is predom-
inant, resulting in the best Jgc.

It is worth to note that the crystallinity of perovskite layers
on three HTLs is quite identical, implying similar charge
generation and transport rates within the active layers. All the
results, from TRPL, forward and backward J—V curves, to light
intensity-dependent Js: and Vi, point out that the improved
device performance based on the toluene vapor-annealed HTL
is mainly attributed to the efficient charge extraction and
reduction of the monomolecular SRH recombination at the
HTL/perovskite interface. In contrast, despite the fact that the
EG-washed PEDOT:PSS film has a 5 orders of magnitude
increase in electrical conductivity, the rough and more PEDOT
surface could create more trap states at the HTL/perovskite
interface, leading to a detrimental performance.

B CONCLUSIONS

In summary, we have demonstrated that nonpolar solvent
toluene vapor annealing and polar solvent EG washing post
treatments result in dramatically different electrical properties,
surface morphologies, compositions, and PEDOT structures of
PEDOT:PSS thin films compared to the conventional air-
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annealed PEDOT:PSS thin film. The toluene vapor-annealed
PEDOT:PSS film exhibits smooth, PSS-dominated surfaces
with slightly increased electrical conductivity and better
energetically aligned work function with the valence band
maximum of the CH;NH;Pbl; perovskite. Consequently, the
solar cells with the toluene vapor-annealed PEDOT:PSS HTLs
yield the highest Jsc, Voc, and FF because of the reduced
interfacial charge recombination. In contrast, because the
excess PSS is washed off by EG during spin casting, the EG-
washed PEDOT:PSS film shows a rough surface with more
PEDOT domains. Its electrical conductivity increases by §
orders of magnitude, but the work function is reduced farther
apart from the valence band maximum of CH;NH,PbI,
perovskite. As a result, the solar cells with the EG-washed
PEDOT:PSS HTLs exhibit the lowest J;- and FF because of
the increased trap-assisted recombination at the HTL/
perovskite interface. This study sheds light on the modification
of PEDOT:PSS HTLs with polar and nonpolar solvent post-
treatment and the consequence to charge recombination and
extraction at the modified HTL/perovskite interfaces, and
therefore, it offers a promising means for further improving the
performance of inverted planar perovskite solar cells.

B EXPERIMENTAL SECTION

Materials. Lead(Il) iodide (PbI, 99.9%), toluene (anhydrous,
99.8%), chloroform (>99.99%), y-butyrolactone (GBL, >99%), N,N-
dimethyl sulfoxide (DMSO, anhydrous, >99.9%), and bathocuproine
(BCP, 96%) were purchased from Sigma-Aldrich. Ethylene glycol
(EG, 99.9%) was purchased from Fisher Scientific. PEDOT:PSS
(Clevios P VP AI 4083) was obtained from H.C. Starck.
Methylammonium iodide (MAI) was purchased from Greatcell
Solar (Queanbeyan, Australia). Phenyl-Cg,-butyric acid methyl ester
(PC4BM) (>99.5%) was purchased from American Dye Source
(Quebec, Canada). All purchased materials were used without further
purification.

Solvent Post-treatment of PEDOT:PSS Films. Glass substrates
were cut into 15 mm X 15 mm pieces and cleaned sequentially by
sonication in soapy deionized (DI) water, DI water, acetone, and
isopropanol for 15 min each and then treated with 100 W oxygen
plasma for 10 min. Al 4083 PEDOT:PSS (85 uL) dispersion filtered
through a 0.45 um nylon filter was spin-coated onto a cleaned glass
substrate at S000 rpm for 60 s. For air-annealing samples, the
substrates were transferred onto a hot plate and annealed at 120 °C
for 25 min. For toluene vapor-annealing samples, the substrates were
transferred into a glass Petri dish on a hot plate, and a drop of 200 uL
of toluene was added inside the Petri dish, and then, the substrates
were annealed inside the covered Petri dish at 120 °C for 25 min. For
EG-washing samples, a drop of 70 uL of EG was added on an air-
annealed PEDOT:PSS film and spin-coated at 5000 rpm for 60 s and
then annealed at 120 °C for another 10 min.

Characterization of PEDOT:PSS Films. The morphology of
PEDOT:PSS thin films was characterized by tapping mode atomic
force microscopy (TM-AFM) using a digital multimode AFM
equipped with a Nanoscope IVa controller. Electrical conductivity
was measured using a Jandel cylindrical four-point probe connected
with a Keithley 2450 SourceMeter. Film thickness was characterized
using an Olympus OLS41 profilometer. Raman spectroscopy
measurements were carried out on a Thermo Scientific DXR2
Raman microscope to investigate the chemical structure of
PEDOT:PSS. A 532 nm green laser with the laser power between 1
and S mW was illuminated and focused through a 50X objective lens
onto the polymer thin films. Raman spectra were fitted using Peakfit
software with an assumption of 50% Gaussian and 50% Lorentzian
component peaks. Contact angles were measured using the First Ten
Angstroms (FTA)-100 contact angle and surface tension instrument
to investigate surface hydrophobicity.
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X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a Kratos AXIS Ultra DLD X-ray photoelectron
spectrometer to investigate the surface composition and chemical
states of Al 4083 PEDOT:PSS thin films prepared with air annealing,
toluene vapor annealing, and EG washing. The incident X-rays were
monochromatized Al Ka (KE = 1486.6 eV) operated at 10 mA and
1S kV. All XPS data were acquired at both a normal photoelectron
takeoff angle of 0° and high electron takeoff angle of 70°. The survey
spectra were acquired with a step size of 1.0 eV and a dwell time of
100 ms at a spectrometer pass energy of 160 eV. The high-resolution
spectra were acquired with a step size of 0.1 eV and a dwell time of
425 ms for S 2p spectra and 259 ms for C 1s spectra at a spectrometer
pass energy of 40 eV. Data analysis was performed using Kratos
Vision Processing software (ver. 2.2.8). The binding energy scale was
calibrated by assigning the lowest binding energy C 1s peak to 285.0
eV. All samples were measured under an ultrahigh vacuum of around
5 x 107 Torr.

Ultraviolet photoelectron spectroscopy (UPS) measurements were
conducted using a Kratos AXIS Ultra DLD spectrometer to
investigate the work function of PEDOT:PSS thin films. A He
discharge lamp source (Kratos) at an excitation energy of 21.2 eV was
used in combination with a delay line detector at an electron pass
energy of S eV. The UPS spectra for Au were acquired with a step size
of 0.1 eV and a dwell time of 100 ms. The high-resolution UPS
spectra and Fermi edge spectra were acquired with a step size of 0.01
eV and a dwell time of 100 ms.

Fabrication of CH;NH;Pbl; Perovskite Thin Films. Indium tin
oxide (ITO)-coated glass (10 Q sq~', Colorado Concept Coatings,
LLC) was cut into 1S mm X 15 mm pieces, which were then cleaned
following the steps described above for the cleaning of glass
substrates. The PEDOT:PSS thin films were prepared with air
annealing, toluene vapor annealing, and EG washing as described
above, and the substrates were transferred into a N, glovebox for
making CH;NH;PbI; perovskite films. The CH;NH;PbI; perovskite
precursor solutions were prepared by dissolving CH;NH;I and Pbl, at
a 1:1 molar ratio in GBL and DMSO (7:3, v/v) with a total
concentration of 2.0 M. The precursor was mixed at 70 °C for 2 h and
was filtered through a 0.45 ym PTEFE filter before use. A 70 uL drop
of precursor solution was spin-coated on a cleaned substrate at 1000
rpm for 15 s and 4000 rpm for 45 s in a nitrogen glovebox. A drop of
500 uL of toluene as an antisolvent was in situ dripped onto the
substrate during the last 15 s of the second spin-coating step. The
CH;NH;PbI; perovskite films were then thermally annealed at 100
°C for 10 min.

Characterization of CH;NH;Pbl; Perovskite Thin Films.
Scanning electron microscopy (SEM) images were acquired using
an FEI Sirion scanning electron microscope operated at 5 kV to
determine the surface morphology of CH;NH;Pbl; perovskite thin
films. Two-dimensional XRD patterns were collected with Bruker
GADDS D8 Focus Powder Discover diffractometer using Cu Ka
radiation (4 = 1.5419 A), and the data were processed using the EVA
package provided by Burker Axs to investigate the crystalline
structures of CH;NH;Pbl; perovskite thin films. UV—vis absorption
spectra were collected using a Varian Cary 5000 UV-vis—NIR
spectrophotometer. The TRPL measurements were taken using a
Fluo Time 100 spectrometer by means of time-correlated single
photon counting (TSCPC). A 470 nm laser with a pulse width of 70—
90 ps was excited from the glass side, and the TRPL decays were
measured at a peak emission wavelength of 780 nm.

Fabrication and Characterization of p—i—n Perovskite Solar
Cells. The ITO/PEDOT:PSS/CH;NH;Pbl, films were fabricated as
described above. A PC¢,BM solution (15 mg mL™" in chloroform)
was then spin-coated on the perovskite films at 4000 rpm for 60 s and
dried without annealing. Then, a BCP solution (2 mg mL™" in 2-
propanol) was spin-coated on the PC¢BM films at 4000 rpm for 60 s
and dried without annealing. Finally, 16 silver electrodes with a
thickness of 150 nm and an area of 3.14 X 107® m* were thermally
evaporated on each substrate through a shadow mask at the
background pressure <107¢ Torr. The resulting device structure is
ITO/PEDOT:PSS/CH;NH;Pbl;/PC4,BM/BCP/Ag. The current
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density—voltage (J—V) characteristic curves were measured in a N,
glovebox with a Keithley 2400 SourceMeter and a solar simulator with
a Solar Light Co. xenon lamp (16S-300W) and an AM 1.5G filter.
The light intensity was calibrated to 100 mW cm™ using a calibrated
silicon solar cell that had been previously standardized at the National
Renewable Energy Laboratory.
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