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Abstract: In this work, the photovoltaic properties of inverted planar perovskite solar cells are promoted via a sim-
ple method by adding Dimethyl sulfoxide (DMSO) into Poly (3,4-ethylenedioxythiophene ) -poly ( styrenesulfonate )
(PEDOT: PSS) hole transport layer. Compared to the control device based on pristine PEDOT: PSS, the device with
DMSO doping shows different enhancement in short circuit current(J_ ), fill factor( FF) and power conversion effi-
ciency( PCE) , respectively. The J_ is increased from 21.29 mA/cm® to 22. 15 mA/cm?®, the FF is increased from
76.35% 10 80.09% , and the PCE is increased from 16.02% to 17.01% , showing4% , 5% and 6% enhancement,
respectively. A combination of characterizations has been utilized to systematically investigated the effect of DMSO
doping on properties of PEDOT: PSS and perovskite film. It can be found that the incorporation of DMSO leads to a
moderate phase separation of PEDOT: PSS, which causes the PEDOT component to form a better conductive chan-
nels, enhancing the conductivity and hole transport ability of PEDOT: PSS. The steady-state photoluminescence spec-
tra exhibit significant fluorescence quenching, indicating promoted hole extraction ability of PEDOT: PSS after doping
with DMSO. Thus, a more efficient hole transfer between the perovskite active layer and the anode is achieved, which
contributes to the high fill factor above 80% . So that an effective and easy approach to improve the photovoltaic per-

formance of inverted planar perovskite solar cells or organic solar cells is provided.
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1 Introduction

Optimizing interface contact and promoting car-
rier transport at the interface are particularly impor-
tant for improving the photovoltaic performance and
stability of perovskite solar cells''*'. Poly (3,4-eth-
ylenedioxythiophene ) -poly ( styrenesulfonate ) ( PE-
DOT: PSS) is the most commonly used hole transport
material in organic photovoltaic cells and inverted

11 Tt is usually sandwiched

planar perovskite cells'
between indium tin oxide ( ITO )-coated glass and
perovskite or organic active layer, not only regula-
ting the ITO surface function, but also extracting the
holes to facilitate the transport and collection of photo-

4-16] . .
*. However, the recombination

generated charges''
of photo-generated charges at PEDOT: PSS anode in-
terface is one of the reasons for decreasing the effi-
17-19]

ciency of solar cells' . The morphology, surface

roughness and uneven conductivity from inside to
outside of PEDOT : PSS film also affect the hole
transport process.

PEDOT: PSS is an aqueous solution of polymer,
mainly composed of conductive PEDOT and non-
conductive PSS. High conductivity PEDOT: PSS
aqueous solutions such as PH 1 000 or PH 500 are
commonly used as transparent electrodes. PEDOT:
PSS 4083 is often utilized as the hole transport layer
(HTL) in organic light-emitting diodes, organic so-
lar cells( OPVs) , field effect transistors ( OFETs) ,
photodetectors and so on'*?*'. Although PEDOT:
PSS 4083 has high transparency, low viscosity, and
good film formation, it also has some disadvantages
such as acidity, hygroscopic nature, lower work
function than the ionization potential of perovskite,

1

poor electron blocking capability™' and relatively

low conductivity ( generally about 10 ~* S/cm) .

Moreover, PEDOT and PSS are prone to agglomera-

tion after film formation, and non-conductive PSS is
easily enriched in film surface. It makes the PEDOT:
PSS film have uneven conductivity from inside to
outside and affects the charge transport and extrac-
tion in inverted devices. Therefore, modifying the
PEDOT: PSS HTL via optimizing the micro-morphol-
ogy or making its conductivity more uniform, is an
important way to mitigate these drawbacks of PEDOT:
PSS and to improve the performance of the solar
cells.

For the inverted planar perovskite solar cells-
based on PEDOT : PSS HTL, improving the hole
transport ability of PEDOT: PSS layer is critical. Gu
et al. applied a self-assembled monolayer( C3-SAM )
to modify PEDOT: PSS, which improved the contact
between the PEDOT: PSS HTL and the perovskite
layer, optimized the separation and transport of hole
carriers, leading to an improvement in device per-
formance ””'. Huang et al. reported that PEDOT:
PSS doped with PEO ( polyethylene oxide ) was
proved to be an effective hole-extracting layer due to
its high electrical conductivity and extremely smooth
surface, and could improve the efficiency of planar
heterojunction perovskite hybrid solar cells'*.
Therefore, it is necessary to improve the electrical
conductivity of PEDOT: PSS layer to increase the ef-
fective transmission path of holes, thus improving
the photovoltaic performance of devices. Dimethyl
sulfoxide (DMSO ) is well known as a strong polar
solvent. Its distinctive advantages such as superior
dipole moment and relatively high boiling point can
lead to form strong dipole-dipole or dipole-charge in-
teractions between PEDOT: PSS and DMSO'®'. Liu
et al. employed the two-dimensional MXene, Mo, ,,C-
assisted PEDOT: PSS as an efficient HTL to con-
struct high-efficiency polymer solar cells and en-

0]

hanced the device performance"’ Huang et al.
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treated PEDOT : PSS with a high concentration of
DMSO(10% ) and obtained a P-I-N type perovskite
cell with a power conversion efficiency of 16. 7% .
Although the short-circuit current and power conver-
sion efficiency were improved, the filling factor was
reduced.

In our work, DMSO was added into PEDOT:
PSS 4083 solution. The concentration of DMSO is
only 1% . It was found that the conductivity of PE-
DOT: PSS films continued to increase with the in-
crease of DMSO addition, but the film forming per-
formance of PEDOT: PSS on ITO substrate deteriora-
ted significantly due to the deterioration of wettability
of PEDOT: PSS, which was extremely detrimental to
the subsequent formation of perovskite films. The in-
troduction of 1% DMSO influences the microstruc-
ture of PEDOT: PSS through causing moderate phase
separation. This facilitated the formation of better
conductive channels and increased the conductivity
of PEDOT: PSS by 2 orders of magnitude, thus pro-
moting the hole transport ability of PEDOT: PSS HTL
and short circuit current. Furthermore, the DMSO
molecule existed in PEDOT: PSS film has a stronger
coordination ability with Pb>" from lead halide. This
affects the crystallization of perovskite via a strong
interaction between DMSO and Pb’* | making a pos-
itive effect on the morphology of upper perovskite ac-
tive layer, as similarly reported in previous litera-
ture' ). The perovskite film based on the PEDOT:
PSS with DMSO doping exhibits larger and more uni-
form grain sizes, beneficial for reducing film defects
and enhancing charge transport. Thus, a more effi-
cient hole transfer between the perovskite active
layer and the anode is achieved, which contributes
to the high fill factor above 80% . The simultaneous
improvement of the above two aspects ( short-circuit
current and fill factor) improves the performance of
inverted planar perovskite cells based on PEDOT:
PSS HTL, delivering a higher power conversion effi-
ciency of 17.01% .

2 Experiments

2.1 Materials

All raw materials were purchased, and more

detailed purchasing information is provided in sup-
plementary material. The preparation of perovskite
precursor solutions can be easily found in our previ-
ous report'"*?'" . PEDOT: PSS 4083 aqueous solu-
tion was added with 1% DMSO and stirred evenly at
room temperature to prepare the HTL.
2.2 Device Fabrication

Under the condition of 3 000 r/min, PEDOT:
PSS with or without DMSO was coated onto the
cleaned ITO substrates that had been ultrasonically
cleaned by detergent and deionized water in se-
quence. After drying at 120 C for 20 min in the
air, the mixed lead precursor solution preheated at
90 °C on a hot plate was spin-coated at 6 000 r/min
onto the ITO/PEDOT: PSS substrates. It should be
noted that the substrate was placed in a spin coater
with heating function, and the substrate remains
heated at 40 °C during the entire spin coating
process. Then the MAI precursor solution contain-
ning 0. 05% 1, 6-Diaminohexane Dihydrochloride
(1,6-DD) additive and PCBM: BCP blend solution
were spin-coated on the substrates in sequence to ob-
tain perovskite active layer and ETL layer, specific
process details had been reported in our previous ar-

ticles' 43"

. Finally, the Ag cathode with an area of
0.1 em® was deposited by vacuum thermal evapora-
tion. Each cell area was 0.1 cm®, determined by
the shadow mask ultilzed. Then the planar perovs-
kite solar cells with inverted structure of ITO/PE-
DOT: PSS (without or and with DMSO ) /perovskite/
PCBM :BCP/Ag were obtained. All processes were
performed in the air except for the Ag cathode and
the perovskite preparation process which were per-
formed in an argon-filled glove box.
2.3 Characterizations

The perovskite crystal structure was character-
ized by X-ray diffraction ( XRD, Rigaku D/MAX
2500).

was performed to characterize the absorption proper-

Ultraviolet-visible spectroscopy ( UV-Vis )

ties of the perovskite active layer with a Jasco-4000
spectrophotometer. AlphaStep D-100 Stylus Profiler
(KLA-Tencor) was employed to measure the film
thickness. The field emission scanning electron mi-

croscope ( SEM, Hitachi SU-8010 ), atomic force
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microscope( AFM, Bruker INNOVA SPM) and con-
duction atomic force microscope ( C-AFM) were car-
ried out to study the surface morphology and conduc-
tivity of the final perovskite film. In order to explore
the defect passivation and non-radiative recombina-
tion, a fluorescence spectrometer ( Jobin Yvon Flu-
orol.og-3) was used to recorded the steady-state pho-
toluminescence spectra( PL) of the film. All devices
were not encapsulated and were stored under dark
conditions in the air. While the current density-volt-
age( J-V) characteristic test of the devices was car-
ried out in a glove box filled with argon. The J-V
test was performed by a programmed Keithley 2400
sourcemeter under illumination of a Newport Oriel
150 W solar simulator (AM 1.5 G, 100 mW -
em %), the light intensity of which was calibrated
with a solar reference cell (SRC-1000-TC-QZ, VLSI

standards, Inc. ).

3 Results and Discussion

3.1 Influence of DMSO Doping on Morphology
and Conductivity of PEDOT: PSS Film

To investigate the effect of DMSO doping on the
film conductivity, PEDOT: PSS thin films of micron
thickness based on pristine PEDOT: PSS and DMSO-
doping were prepared via drop coating method. The
value of film conductivity( o) can be calculated ac-
cording to Equation (1) .

1 1
= — = — 1
Al St (1)

wherein p is resistivity, R is square resistance ob-
tained by using the ohmmeter test of the multimeter,
and ¢ is the film thickness measured by step profiler.
Tab. 1 summarizes the conductivity of different PE-
DOT: PSS film samples. It is obvious that the con-
ductivity of PEDOT: PSS film is increased by 2 or-
ders of magnitude after doping DMSO. It means that
the incorporation of DMSO facilitates the formation of
better conductive channels. Actually, previous liter-

20320 have reported this. DMSO is conductive

atures
to the rearrangement of PEDOT components, with
the PEDOT chain extending from a coil-shaped
structure to a linear structure, to form a more uni-

form conductive paths. Thus, the hole transport

ability of PEDOT: PSS 4083 film is enhanced.

Tab.1 Conductivity of the pristine PEDOT : PSS film
and the DMSO-doped PEDOT: PSS film
PEDOT: PSS Resistance/ Conductivity/
4083 film sample (Q-0d™" (S+em™)
Pristine 3.24 x 107 3.09 x10*
Doped with DMSO 2.66 x10° 3.76 x10 2

AFM and C-AFM measurements were performed
to further prove the improvement of charge transport
property of PEDOT: PSS film through characterizing
the changes in morphology and conductivity before
and after doping DMSO. Fig. 1 shows the C-AFM
top-view( (a), (d)), C-AFM phase((b), (e))
and AFM phase( (c¢),(f)) images of the PEDOT:
PSS sample without and with DMSO. All samples
are nanometer thickness thin films and prepared ac-
cording to the device fabrication process. From the
C-AFM top-view images, it can be found that sur-
face roughness of the PEDOT: PSS film doped with
DMSO is higher than that of pristine sample. In C-
AFM phase images, the bright features are attributed
to the well conductive PEDOT component, while the
dark features correspond to the non-conductive PSS
component. In contrast, the PEDOT: PSS film based
on DMSO doping shows more relatively concentrated
bright areas and has a higher potential value. DMSO
is a low-volatile substance due to its relatively high
boiling point(189 °C ) and low saturated vapor pres-
sure(0.76 kPa, 60 °C). PEDOT: PSS film is dried
for only 20 min at 120 C. So it can be concluded
that DMSO exists in the dried PEDOT : PSS film,
participates in the PEDOT : PSS film formation
process and affects the performance of PEDOT: PSS
film , which is reflected in the increase of film rough-
ness and the enhancement of electrical conductivity,
as shown by AFM and C-AFM phase images. It indi-
cates that the doping DMSO causes the phase sepa-
ration between PEDOT and PSS. The moderate
phase separation results in a formation of a better
PEDOT conductive channels and promotes the con-
ductivity of PEDOT: PSS film, which is beneficial to
enhance hole transport property.

In addition, the effect of adding more DMSO on
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the conductivity and film formation of PEDOT: PSS
HTL was also investigated. It was found that the
conductivity of the PEDOT: PSS films continued to
increase when the amount of DMSO was increased to
3% , albeit to a limited extent( shown in Tab. S1).
But at the same time, the film forming property of
PEDOT: PSS solution on ITO substrate was signifi-
cantly deteriorated. According to the contact angle

test results( shown in Fig. S1), the contact angle of

the PEDOT: PSS solution on the ITO substrate in-

Pristine

R‘:l.76 nm
Ay

0 Height

#

With DMSO

R

R=1.85 D
4 -

]

Height 50 um 0

C-AFM signal

Patential v)ahuﬁ:i 12 mV>

C-AFM signal

creased significantly with the addition of DMSO
changing from 1% to 3% , indicating that the wetta-
bility of PEDOT : PSS to ITO substrate became
worse. It is speculated that due to the increase in
the amount of DMSO, the degree of phase separation
between PEDOT and PSS is aggravated, and PEDOT:
PSS is seriously agglomerated, which is extremely
unfavorable for PEDOT: PSS film formation. There-
fore, the following mainly discusses the effect of 1%

DMSO on the performance of perovskite cells.

.‘.x.

50 pm 0 Tapping phase 5.0 wm

50 pm O Tapping phase 5.0 wm

Fig.1 C-AFM top-view( (a), (d)), C-AFM phase((b), (e)) and AFM phase((c¢), (f)) images for pristine PEDOT: PSS

and PEDOT: PSS doped with DMSO films.

Steady-state PL spectra measurement was car-
ried out to make further insight into the charge trans-
port between perovskite active layer and anode be-
fore and after adding DMSO into PEDOT: PSS. Fig.
2 shows the steady-state PL spectra of perovskite
films based on PEDPT: PSS with and without DM-
SO. The sample structure is ITO/PEDOT : PSS
(without or with DMSO ) /Perovskite. PL character-
ization can well reflect the effect of introduction of
DMSO on charge extraction ability of PEDOT: PSS
hole transport layer. Obviously, compared to the
sample with pure PEDOT: PSS HTL, the PL intensi-
ty of the sample based on DMSO doping is reduced,
showing significant fluorescence quenching. This in-

dicates that adding moderate DMSO into PEDOT: PSS

—Pristine
80.0 k I~ Doped with DMSO
S 600k}
<
B
£ 400k f
E
—_
=~ 200k}
0 ' ' '
650 700 750 800 850

A/nm
Fig.2  Steady-state photo-luminescence ( PL.) spectra of the
perovskite films based on pristine and DMSO-doped
PEDOT: PSS

dose effectively enhances the hole extraction capacity
of PEDOT: PSS materials and accelerates the hole

transport between perovskite layer and anode. C-AFM
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and AFM characterization have proved that the intro-
duction of DMSO significantly increased the conduc-
tivity of the PEDOT: PSS thin film due to the forma-
tion of better conductive channels, which helps to
enhance the hole transport ability and improve the
photovoltaic performance of the device. The PL
measurement confirms this conclusion again. So, for
the planar perovskite solar cells with the inverted
structure of ITO/PEDOT: PSS with DMSO ) /perovs-
kite/PCBM : BCP/Ag, anode interface modification
combined with cathode interface modification ( repor-
ted in our previously work''’’ can achieve the ex-
traction balance of photo-generated charges in the
device'?’ | suppresses the charge accumulation and
recombination at the interfaces. Thus, the short-cir-
cuit current is increased, the filling factor is up to
80% , and the power conversion efficiency of the de-
vice is also significantly improved. These will be de-
scribed systematically in the next section.
3.2 Photovoltaic Performance of Devices

To investigate the influence of DMSO doping on
the photovoltaic performance of solar cells, the
organic solar cells based on typical P3HT: PCBM
system and perovskite solar cells were prepared. The

J-V characteristics and the photovoltaic parameters

3L T
£ nf s o
<
£
~ 2}
1 1
Pure PEDOT: PSS Doped PEDOT : PSS
1.02

1.001

0.98 -‘V

0.96

T =

0.92|

Vl)(l/ \7

0.90 L L

Pure PEDOT : PSS Doped PEDOT : PSS

for the organic solar cells based on different PEDOT:
PSS hole transport layers are shown in Fig. S2 and
Tab. S2, respectively. It can be seen that after DM-
SO added, the device performance is improved, es-
pecially the short circuit current(J_ ) increased from
7.33 mA/cm’to 8.33 mA/cm’ with 13% improve-
ment, leading to the promoting the power conversion
efficiency (PCE ) increasing from 2. 94% to 3.57%.
Therefore, the increase in conductivity of the PE-
DOT: PSS HTL has a direct impact on the J of de-
vice, greatly contributing to the boost in PCE of so-
lar cells.

The perovskite solar cells based on DMSO-
doped PEDOT: PSS HTL also exhibit improved per-
formance. Tab. S3 summarizes the photovoltaic pa-
rameter values of the perovskite solar cells with pris-
tine PEDOT : PSS and DMSO-doped PEDOT : PSS
HTL. Fig.3 displays the statistic analysis of the photo-
voltaic parameters shown as box charts. Obviously,
compared to the devices with pristine PEDOT: PSS
as HTL, there is a significant improvement in both
J.. and fill factor (FF) for the devices based on PE-
DOT: PSS doped with DMSO. The average J_ and
FF increase 4% and 5% , respectively. The open
circuit voltage( V) is slightly decreased. This may

85

80+ T
&
= 75¢ 1
=

70}
65 ' '
~ Pure PEDOT:PSS  Doped PEDOT: PSS
18
17+ _—

§ 16+ T = s
>
& 15F
1
14+

I I
Pure PEDOT : PSS Doped PEDOT : PSS

Fig.3 Statistic analysis of the photovoltaic parameters shown as box charts for the perovskite solar cells with pristine PEDOT:

PSS and DMSO-doped PEDOT: PSS HTLs
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be due to the change of the microstructure of the
hole transport layer, which changes the charge injec-
tion conditions and thus changes the internal electric

32,34

field distribution'”>**'. Although V,_ is slightly sacri-
ficed, the J_ and FF are significantly improved, so
the overall PCE of the device is promoted. The
champion device exhibits relatively high FF above
80% and a high PCE of 17.01% . The forward and
reverse scanned J-V characteristics curves and IPCE
spectra of the best devices based on PEDOT : PSS
HTL without and with DMSO doping are shown in

Fig. 4. Both devices show no remarkable current

(a) 5

—

q 0 l.
g @ Pristine PEDOT : PSS, Forward £
T 5| e Prisine PEDOT PSS, Reverse I
<E N —4A— Doped with DMSO, Forward %

= ¥ Doped with DMSO, Reverse "

z -0 Vool Il pEe poRe

Z : W Ay PRI PCE

g Pristine - .

£ _15|rEpor:pss Averaee 0985 2129 7635 1602

= Doped with i . i

) DMSO  Average 0959 2215 80.09  17.01

£

=

3

&)

VIV

Fig. 4

(b)

IPCE/%

hysteresis. And the integrated J _ values calculated
from IPCE spectra show the same trend with that ob-
tained from the J-V curves. The significant improve-
ment in J_ proves that the incorporation of DMSO
does enhance of the performance of the perovskite
solar cells, mainly due to the promoted hole transport
ability of PEDOT: PSS, which can be attributed to the
increase of the electrical conductivity of PEDOT: PSS.
Combined with the performance of organic solar cells
discussed above, the method of PEDOT: PSS doped
with DMSO has certain universality and is applicable to

both organic solar cells and perovskite solar cells.

100 25
80 L0 o
X g
60 - /5’ —15 E
40} # 10 =
Pg <
~ £
P ®
20 ) -5 =
L Pristine PEDOT : PSS =

s Doped with DMSO
0 —==-f ! ! 1 0
300 400 500 600 700 800
A/nm

Forward and reverse J-V characteristics curves(a) and IPCE spectra(b) of the best devices using PEDOT: PSS without

and with DMSO doping. Both reverse and forward scan rate is 10 mV - s ',

3.3 XRD, SEM and UV-Vis

XRD, SEM and UV-Vis were carried out to in-
vestigate the effect of DMSO-doped PEDOT : PSS
HTL on the crystal growth, final morphology and ab-
sorption spectrum of perovskite film, respectively.
From the XRD patterns( shown in Fig.5), PEDOT:
PSS doping hardly affects the subsequent growth
process of perovskite crystals, because the position
and intensity of characteristic diffraction peaks of
perovskite are almost unchanged. According to the
SEM images ( shown in Fig. 6), compared with the
perovskite film based on pristine PEDOT: PSS, the
sample based on doped PEDOT: PSS has no obvious
difference except that the grain size is slightly in-
creased and uniform. The grain size for perovskite
films based on DMSO-doped PEDOT : PSS ranges
from 150 nm to 630 nm, with an average grain size
of about 360 nm. While the grain size of perovskite
films grown on PEDOT: PSS substrate ranges from 90

nm to 620 nm, and the average grain size is only

5.0kp 1o ——— Pristine PEDOT : PSS
(220)
. * (310)
2 0 =
2 50kF Doped with DMSO
g
O
- J\A/\_A_JL_‘
0 : emaatmr . /
10 15 20 25 30 35 40
20/(°)
Fig.5 XRD patterns of perovskite films based on pristine

PEDOT: PSS and DMSO-doped PEDOT: PSS ( The

peaks marked * belongs to ITO substrate)

about 270 nm. Both the increased grain size and the
improvement in uniformity for perovskite film are re-
lated to the introduction of DMSO into HTL layer.
Because DMSO molecule has a stronger coordination
ability with the Pb** in the lead halide, and the
strong interaction effect can retard the crystallization
process of perovskite, which is beneficial to an in-
crease in the grain size and grain uniformity of the

perovskite. The positive effect is similar to the impact



732 K ot

43 %

E 4

of DMSO on the morphology of perovskite films,
And the

high-quality perovskite film is critical for efficient

reported in the previous literature'”*>* .

perovskite solar cells. UV-Vis spectra(Fig.7) showed
that the absorption of PEDOT: PSS HTL increased
slightly at short wavelengths, and the absorption of

the corresponding perovskite film also increased

(b) Doped with DMSO

(a) Pristine

slightly, but overall the difference was not signifi-
cant. The above analysis reveals that incorporating
DMSO into PEDOT: PSS has no significant influence
on the crystallinity or absorption spectrum of perovs-
kite film, but increases the perovskite grain size and
grain uniformity, which is beneficial to reduce the

film defects.

(c)
72222 Pristine PEDOT : PSS
2277 Doped with DMSO
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Fig.6 Top-view SEM images( (a), (b)) and grain size distribution(c) of perovskite films based on PEDOT: PSS without and

with DMSO. The grain sizes were estimated according to Nano Measurer 1.2 software.
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Fig.7
tine and DMSO-doped PEDOT: PSS.

3.4 Device Stability

Since the interface is an important factor affect-
ing the life of solar cells, the influence of adding
DMSO on device stability was also inspected. All
unencapsulated devices were stored in ambient air
condition ( Room temperature, relative humidity of
10% ~ 30% ), and their performance attenuation
was monitored by measuring the photovoltaic param-
eters periodically. The comparison of degradation
characteristics of the PCE normalized to the initial
values as a function of storage time is shown in Fig.
S3. All devices without any encapsulation retain
more than 90% of their initial efficiency after 16

days of exposure to air, implying that the introduc-

(b) 3.0
2.5
2.0
1.5

1.0

Absorbance/a. u.

0.5+ Pristine
—— With DMSO

OF 1 1 1 1
300 400 500 600 700 800
A/nm

(a)UV-Vis spectra for PEDOT: PSS films without and with DMSO. (b) UV-Vis spectra of perovskite films based on pris-

tion of DMSO had no negative effect on the device
stability. It can be considered that the good stability
of inverted devices is mainly attributed to the en-
hancement of the perovskite microstructure and the
upper cathode interface modification, as we reported

previously' "'

4  Conclusion

In this work, the inverted planar perovskite so-
lar cells based on PEDOT: PSS doped with 1% DM-
SO as HTL were fabricated. UV-Vis, AFM and C-
AFM were performed to characterize the optoelec-
tronic properties of PEDOT: PSS films without and
with DMSO doping. The results show that doping
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DMSO causes the phase separation between PEDOT
and PSS. The moderate phase separation caused by
DMSO-doping facilitates a formation of a better PE-
DOT conductive channels and promotes the conduc-
tivity of PEDOT: PSS film. Through doping DMSO,
the sheet resistance and film conductivity of PEDOT:
PSS could decrease and increase by 2 orders of mag-
Although DMSO-doped PE-
DOT: PSS could not affect crystallinity or absorption

nitude, respectively.

spectrum of perovskite layer, the steady state PL
spectra exhibit obvious fluorescence quenching,
which indicates the charge extraction capacity of the
PEDOT: PSS HTL layer is improved, due to more ef-

fective hole transfer between the perovskite active
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