Journal of Power Sources 390 (2018) 134-141

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect Y
POWER
SOURCES

Journal of Power Sources

Enhancing the performance of planar heterojunction perovskite solar cells | M)

Check for

using stable semiquinone and amine radical modified hole transport layer %

Chunhua Wang?, Yuan Li”>"**

, Chujun Zhang®, Liyang Shi¢, Sichao Tong", Bin Guo”, Jian Zhang*,

Jun He", Yongli Gao™“, Chaohao Su®"", Junliang Yang™"

2 Institute of Super-microstructure and Ultrafast Process in Advanced Materials, School of Physics and Electronics, Central South University, Changsha, 410083, PR China
® Institute of Polymer Optoelectronic Materials and Devices, State Key Laboratory of Luminescent Materials and Devices, South China University of Technology, Guangzhou,

510640, PR China

€ Architectural Design & Research Institute of South China University of Technology, Guangzhou, 510640, PR China
4 School of Material Science and Engineering, Guilin University of Electronic Technology, Guilin, 541004, PR China
© Department of Physics and Astronomy, University of Rochester, Rochester, NY, 14627, USA

HIGHLIGHTS

® Dopamine radical enhanced the PCE and device durability.

e PEDOT with high work function was obtained via semiquinone containing backbone.

® The HTL with excellent hole transport and efficient electron blocking.

® The PCE over 15.3% was achieved for PSCs with a simple planar heterojunction structure.
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ABSTRACT

Highly efficient organic-inorganic hybrid planar heterojunction perovskite solar cells with an architecture of
indium tin oxide (ITO)/PEDOT:PSS-NH,-OH/CH3NH3Pbl;/PCBM/Al are fabricated via one-step, solution pro-
cess by employing the dopamine modified PEDOT:PSS (PEDOT:PSS-NH,-OH) as the hole transport layer, of
which the power conversion efficiency of 15.34% is achieved with negligible hysteresis regardless of different
scanning directions and scanning speeds. The average efficiency of twenty devices with PEDOT:PSS-NH,-OH is
increased to 14.16% from 10.67% with PEDOT:PSS, and the former devices exhibit good reproducibility with
small standard deviations. Cyclic voltammetry results show that the highest occupied molecular orbital energy
level of PEDOT:PSS-NH,-OH (5.32 eV) matches well with the valence band of CH3NH3Pbl; absorbers (5.4 eV).
Photoluminescence measurements indicate that the CH3NH3PbI; film deposited on PEDOT:PSS-NH,-OH has
strong charge extraction capability than that on PEDOT:PSS. Electrochemical impedance spectroscopy results
suggest that the photovoltaic devices exhibit efficient hole transport and excellent electron blocking employing
PEDOT:PSS-NH,-OH as the hole transport layer, as well as have low series, contact resistance and large re-
combination resistance. The research demonstrates that the stable semiquinone and amine radical modified
PEDOT:PSS can acts as an outstanding hole transport material for fabricating high-efficient perovskite solar cells.

1. Introduction

long carrier diffusion, low exciton binding energy, etc. [1-4]. There has
been an awe-inspiring breakthrough in photovoltaic community by

Organic-inorganic hybrid perovskite solar cells (PSCs) as a hotspot multidisciplinary efforts, resulting in the state-of-the-art of power
in academia in recent years have captured enormous attention owing to conversion efficiency (PCE) of PSC up to 22.7% [5]. Mesoscopic
the great superiorities of perovskite materials, such as ambipolar structural and planar-based PSCs have been widely studied in past

properties, direct band gap, strong absorption, high carrier mobility, years. Planar heterojunction (PHJ) PSCs, especially inverted PHJ-PSCs,
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have been attracting much attention due to the simple architecture and
inconspicuous hysteresis, as well as the low-cost, low-temperature, so-
lution processing and matching with high-output, large-scale roll-to-roll
printing techniques [6-9].

It is well recognized that the active layer of photovoltaic devices
absorb sunlight and produce electrons and holes separated, which then
transport to electron transport layer (ETL) and hole transport layer
(HTL), respectively, and ultimately are collected by the electrodes.
Efficient carrier extraction and transport play the key role on device
performance parameters such as open-circuit voltage (V,.), PCE and
hysteresis [10-14]. The poly(3,4-ethylenedioxythiophene)/poly(styr-
enesulfonicacid) (PEDOT:PSS) is one of the main HTL materials em-
ployed in solar cells [15,16]. But, due to its intrinsic properties of
acidity and hygroscopicity, it is unfavorable to achieve long-term sta-
bility. As a good HTL, it not only needs high electrical conductivity and
excellent optical transparency with wide bandgap, but also it should be
an outstanding electron blocking property with preeminent hole
transport. Many studies have been done for probing alternative HTL
materials, for instance, metal oxides MoO; [15,16], WO3 [17,18], V505
[19], Cul [20], NiO, [21-23], PbS quantum dots [24], CuSCN films
[25] and so on.

Motivated by our previous work on the stable semiquinone radical
and efficient modification of ITO work function [10], we systematically
investigated the effects of dopamine (DA) doping on electron donating
capability of PEDOT:PSS and perovskite film quality as well as the
charge recombination kinetics in the solar cells. In comparison with the
pristine PEDOT:PSS, we found that DA doping endows PEDOT:PSS with
higher radical content and stronger charge extraction capability from
perovskite to HTLs [11]. PEDOT:PSS-NH,-OH with typical semi-
conductor behavior exhibits more efficient electron donating effect
than PEDOT:PSS due to the further doping of DA-PEDOT: PSS on per-
ovskite layer during device fabrication, thereby providing better trap
passivation capability. Besides improving perovskite film crystallinity,
DA with amino and hydroxyl groups interacts with the under-
coordinated Pb atoms on the perovskite crystal, resulting in the reduced
surface recombination. Due to the electron transfer process of phenol-
quinone-PEDOT backbone, PEDOT:PSS-NH,-OH with deep work func-
tion (—5.32eV) exhibits better capability to suppress the interfacial
trap-assisted recombination with longer charge recombination lifetime
and higher charge extraction rate. Eventually, the Voc, FF and PCE of
the PEDOT:PSS-based devices simultaneously increased from 0.86V,
69.3% and 12.01% to 0.97V, 78.15% and 15.34% when PEDOT:PSS-
NH,-OH was introduced.

Our molecular design was presented in Scheme 1. The amino and
hydroxyl radical dual-functionalization of DA endows PEDOT:PSS with
several excellent properties: 1) High radical content and strong charge
extraction capability from perovskite to HTL. 2) Desirable energy level
alignment with perovskite. 3) Favorable interaction with perovskite for
high-quality film formation. 4) Efficient surface trap passivation effects
for perovskite film with a long charge recombination lifetime and high
charge extraction rate. With these multiple functions, it was succeed to
apply in perovskite CH;NH3PbI3 (MAPbI3) photovoltaic devices with a
structure of ITO/PEDOT:PSS-NH,-OH/MAPbI3;/PCBM/Al that fabri-
cated by one-step, solution-processing under low temperature. As a
result, encouraging results with sharply enhanced performance (a PCE
of 15.34%) were achieved as compared to PEDOT:PSS-based PHJ-PSCs
(a PCE of 12.01%) with negligible hysteresis regardless of scanning
directions and scanning speeds. These in-depth understanding of
structure-performance clearly provide new guideline to design effective
HTLs inspired by the electron transfer of semiquinone radical, phenol
derivatives for further improvements of inverted PHJ-PSCs.
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2. Experiment section
2.1. Materials

Methylammonium iodide (CH3NH3I, MAL, 99%) and lead iodide
(Pbl,, 99%) were purchased from Wuhan Jingge and Shanghai
Zhengpin, respectively. N,N-Dimethylformamide (Super dry, DMF) and
chlorobenzene (Super dry, CB) were provided by J&K Seal. Fullerene
derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, Dye
Source, American) was supplied by American Dye Source. PEDOT: PSS
(PVP AI 4083) was purchased from Baytron.

2.2. Preparation of PEDOT:PSS-NH,-OH

PEDOT:PSS-NH,-OH was synthesized as following detailed process:
20 g polystyrene sulfonic acid (PSS, Mw = 75000 Da, 30 wt.%) and 1 g
of 3,4-ethylenedioxy thiophene (EDOT) and was mixed, and the solu-
tion was adjusted to pH = 2. Then, PEDOT:PSS-NH,-OH (1% in water,
v/v) was prepared by adding the product above into the PEDOT:PSS-
4083 solution with the ratio of 1:5 (v/v). Dopamine-copolymerized
PEDOT:PSS was obtained and studied carefully. The molecular struc-
ture, UV-vis absorption properties of modified PEDOT:PSS were also
investigated. The molecular structure of PEDOT:PSS-NH,-OH is pro-
posed and shown in Scheme 1. All the chemicals were used as received
without further purification.

2.3. Precursor preparation

The perovskite precursor was prepared by dissolving MAI and Pbl,
at a molar ratio of 1:1 in anhydrous DMF at the concentration of
550 mg/ml. PCBM was dissolved in anhydrous CB with a concentration
of 15mg/ml. Perovskite precursor solution and PCBM solution were
energetically stirred over night at 60 °C to ensure dissolve adequately. A
0.22 um PVDF filter was employed to filter the perovskite precursor
before deposition.

2.4. Device fabrication

The inverted PHJ-PSC with the structure of ITO/HTL/MAPbI3/
PCBM/AI were fabricated in this study. The patterned indium tin oxide
(ITO) glass substrate was ultrasonically cleaned in acetone, detergents,
distilled water and isopropyl alcohol for 20 min, respectively. After the
cleaning and drying by nitrogen flow, the ITO-coated substrate was
treated using UV-ozone for 20 min to reform and removal of organic
substance. The HTL materials PEDOT:PSS and PEDOT:PSS-NH,-OH
were spin-coated on the ITO substrate at a spinning speed of 3000 rpm
for 30 s and 4000 rpm for 30 s, and then annealed on hot plate at 150 °C
for 15 min and 110 °C for 10 min, respectively, resulting in a thickness
of about 35 nm for PEDOT:PSS and 30 nm for PEDOT:PSS-NH,-OH. It is
noted that the PEDOT:PSS solution was agitated for 20 min and
PEDOT:PSS-NH,-OH solution was ultrasonically for 10 min before spin-
coating. The solvent-induced-fast-crystallization deposition method
[14,27-29] was used to fabricate the perovskite layer to obtain dense
and smooth high-quality perovskite film in a nitrogen-filled glovebox
(both H,0 and O, < 1.0 ppm), and ca. 300 nm thick of red brown
MAPDI; perovskite film can be obtained ultimately. PCBM solution was
spin-coated onto perovskite layer at a speed of 3000 rpm for 30s, re-
sulting in a thickness about 30 nm. Finally, a 100 nm Al electrode was
deposited by thermal evaporation under a vacuum of about
8.0 X 10~ ®mbar, the active area of the devices is 0.09 cm? that de-
termined by the size of Al pads.

2.5. Characterization

The absorption spectra, crystallographic properties, morphologies
of perovskite films were characterized by employing ultraviolet-visible
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Doping process of PEDOT:PSS-NH,-OH

Scheme 1. The very different doping process of PEDOT:PSS and PEDOT:PSS-NH,-OH in which dopamine semiquinone radical provides more electron donating effect

for the trap passivation (see the blue-shift of PL in Fig. 6¢).

spectrophotometer (UV-vis, Puxi, T9, China), X-ray diffractometer
(XRD, Rigaku D, Max 2500, Japan) and scanning electron microscope
(SEM, FEI Helios Nanolab 600i, America), respectively. Thin film
thickness of PHJ-PSCs and the surface roughness of perovskite films
were obtained by surface profilometer (Dektak 150, Veeco, USA) and
atomic force microscope (AFM, Agilent Technologies 5500AFM/SPM
System). Steady-state PL and time-resolved PL spectra were achieved
using intensified charge coupled device detector (ICCD, DH334T-18U-
03) and time-correlated single photon counting (TCSPC, MS3504I)
measurements. Cyclic voltammetry (CV, CHI606D, Chenhua, Shanghai)
test was conducted with a film on glassy carbon electrode against Ag/
AgCl (3 M KCl solution) reference electrode at scanning rate 100 mV/s.
Current density-voltage (J-V) characteristics of PHJ-PSCs devices were
measured by digital Source Meter (Keithley, model 2420, USA) that
standard silicon simulator was employed to calibrate the light intensity
with the standard value 100 mW/cm?. The PCEs were measured using a
solar simulator (Newport 91160s, AM 1.5G, USA) at 300 mV/s from
—1.5V to +1.5V if without otherwise specified. The characteristics of
carrier transport and recombination were evaluated by electrochemical
impedance spectroscopy (EIS, CHI606D, Chenhua, Shanghai). Incident
photon to current conversion efficiency (IPCE, Saifan, Beijing) spectra
of PHJ-PSC devices were performed and analyzed by quantum effi-
ciency measurement system.

3. Results and discussion

UV-vis was used to characterize the property of PEDOT:PSS-NH,-
OH. UV-vis spectra of PEDOT:PSS and PEDOT:PSS-NH,-OH aqueous
dispersions are shown in Fig. 1a. It is clear that PEDOT:PSS-NH,-OH has
stronger absorption intensity than the pristine PEDOT:PSS, and it also
has a visible region between 200 and 300 nm, owning to the in-
troduction of dopamine. Thus, more light would be absorbed when
employ PEDOT:PSS-NH,-OH and this will enhance the device durability
considering the UV-sensitivity of perovskite solar cells. Besides, PED-
OT:PSS-NH,-OH in aqueous dispersion exhibited the broad absorption
from 550 to 1000 nm. The result demonstrated that PEDOT:PSS-NH,-
OH had been successfully prepared. Furthermore, the transmittance
spectra of PEDOT:PSS-NH,-OH and PEDOT:PSS films were investigated
in this work as shown in Fig. 1b. The broad peak from 550 to 900 nm
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increased a lot as compared with the original PEDOT:PSS, which is in
accordance with the UV-vis absorption results. Besides, time-depen-
dence contact angle of PEDOT:PSS and PEDOT:PSS-NH,-OH films were
also studied (Fig. S1), there was a slight drop for PEDOT:PSS-NH,-OH
(decreased from 53° to 42° with the exposure time increased from 1 min
to 3min) while almost no change happened on PEDOT:PSS film com-
pared with PEDOT:PSS under the same condition. In contrast, our
PEDOT:PSS-NH,-OH showed much better hydrophobicity which will
enhance the device stability [4].

Herein, PHJ-PSCs photovoltaic devices with a simple architecture of
ITO/HTL/MAPbI;/PCBM/Al were fabricated via one-step, solution
process by employing the PEDOT:PSS-NH,-OH as the hole transport
layer to examine the PEDOT:PSS-NH,-OH properties. It is perceived
that the quality of perovskite thin film plays the key role in determining
the performance of photovoltaic devices. Here, solvent-induced-fast-
crystallization deposition method was employed to gain dense and
uniform films [14,27-29]. The surface morphology of MAPbI; thin film
deposited onto PEDOT:PSS or PEDOT:PSS-NH,-OH characterized by
SEM is presented in Fig. 2a-b, showing that the thin films are compact
and flat without pin-holes. It suggests that high-quality perovskite film
can be achieved as spin-coating onto ITO/PEDOT:PSS-NH,-OH sub-
strates. Furthermore, the result shows that the grains size of perovskite
film on PEDOT:PSS-NH,-OH is larger than that on conventional PED-
OT:PSS. The inset in Fig. 1b demonstrates the grain size distribution of
MAPDI; thin film on PEDOT:PSS-NH,-OH and PEDOT:PSS, of which the
average grain size are about 271 nm and 230 nm, respectively. The
cross-sectional SEM image of MAPDI; film on PEDOT:PSS-NH,-OH is
shown in Fig. 2¢, the vertical scan picture presents that dense and
uniform grain well-distribute in the interior of MAPbI; perovskite
system, and the film thickness is about 300 nm.

Fig. 2d exhibits the XRD patterns of perovskite films deposited on
PEDOT:PSS and PEDOT:PSS-NH,-OH substrates, where the character-
istic peaks of perovskite are observed clearly. The intensities and widths
of diffraction peaks exhibited at 14.2°, 28.56°, 32.00°, 40.77° and 43.31°
are similar for MAPbI; perovskite films on both PEDOT:PSS and PED-
OT:PSS-NH,-OH substrates, which can be assigned to (110), (220),
(310), (224) and (314) crystal faces, respectively [30]. Generally, the
preferential growth of MAPDI; films at (110) lattice plane is attributed
to the tetragonal structure, resulting in strong diffraction peaks of (110)
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Fig. 1. (a) UV-vis spectra and (b) transmittance spectra of PEDOT:PSS and PEDOT:PSS-NH,-OH.

and (220) [31]. The sharp diffraction peaks again certified MAPbI; thin
films are highly crystallized.

CV test was employed to study the redox process of our product, as
shown in Fig. 3a, it is interesting to find that the work function (WF)
level of PEDOT:PSS-NH,-OH presented an impressive increased and
was much higher than 5.0eV of the original PEDOT:PSS. The WF
changed from 5.0 eV to 5.32 eV. The decrease of HOMO actually means
that the work function (WF) is enhanced accordingly. The WF of the
interface layer would significantly affect the Voc of the PSCs because
the Voc is associated with energy loss [26,27]. Considering the energy
level matches well with the valence band of MAPbI; absorbers (Fig. 3b)
that is beneficial for hole transport, resulting from a reduction in the
energy loss during the hole migration from the valence band of MAPbI;
to HTL, and thus potentially lead to a larger Voc [27].

Abnormal hysteresis of J-V characteristic curves in PSCs has been
widely reported and is considered as a serious obstacle for photovoltaic
performance. Herein, typical J-V curves of PHJ-PSC photovoltaic de-
vices with PEDOT:PSS and PEDOT:PSS-NH,-OH HTL are exhibited in
Fig. 4a and b accordingly, which is deduce from the typical PHJ-PSC
devices. It shows that the PCE of 15.34% could be achieved for PHJ-
PSCs employing the PEDOT:PSS-NH,-OH as the HTL under forward
scanning direction from —1.5 V to +1.5 V, of which the V., J;. and FF
are 0.97V, 20.22mA/cm?, 78.15%, respectively. Under the reverse
scanning direction, the PCE of 14.60% with V,. 0.97 V, Js. of 19.97 mA/
cm? and FF of 75.36% could be achieved as well. They present an

s
S

@
o

4
=

&
=<
&
S
S 2
=
Y
(>
St
D
I~

200

‘With PEDOT:PSS
With PEDOT:SS-NH,

(a) —— PEDOT:PSS
—— DA-PEDOT:PSS

—— PEDOT:PSS-NH-OH

)

0.60V j

(b)

Al

PEDOT:PSS
PEDOT:NH2-OH

-4.2

Normalized Current

-5.32 54

-5.9

04 00 04 08 12 16
Potential (V)

Fig. 3. (a) CV curves of PEDOT:PSS and PEDOT:PSS-NH,-OH film in anhydrous
dichloromethane using 0.1 M BuyNPF; as electrolyte and it was scanned for 10
runs at a scan rate of 100 mV s~ . The HOMO level was calculated according to
HOMO = — (Egx+4.7) eV. (b) The energy band diagram of PHJ-PSCs.

impressive enhancement than the reference PHJ-PSCs with PEDOT:PSS
as the HTL (12.01%). In addition, the measurement with different
scanning speeds of 500 mV/s, 300 mV/s, 150 mV/s, and 100 mV/s were
carried out, as shown in Fig. 4c, of which the PCEs are 14.89%, 15.34%,
14.64% and 14.32%, correspondingly. The results indicate that there is
scarcely distinct hysteresis regardless of the scanning direction and
scanning speed.

Fig. 4d presents the statistical distribution of the PCEs based on

Fig. 2. (a-b) SEM morphology images of MAPbI; film de-
posited onto PEDOT:PSS and PEDOT:PSS-NH,-OH, respec-
tively. The insert in b presents the distribution of grain size
for two type perovskite films. (c) Cross-sectional SEM image
of MAPbI; film on PEDOT:PSS-NH,-OH. (d) XRD patterns of
MAPDI; films on PEDOT:PSS and PEDOT:PSS-NH,-OH HTL,

respectively.
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Fig. 4. (a-b) The typical J-V curves of PHJ-PSCs with

o 20 (a) 3 20 (b) PEDOT:PSS and PEDOT:PSS-NH,-OH HTL materials that
g o From -1.5V to +1.5V 3 -0 From -1.5V to +1.5V measured with forward and reverse scanning directions. (c)
E 10 Voc=0.86 V E 10 Voc=0.97V J-V characteristic curves of PEDOT:PSS-NH,-OH -based de-
g PCE=12.01 % g 0 PCE=1534% vice with different scanning speeds under AM 1.5G illumi-
g 0 o From+1.5V to-1.5V E -o- From +1.5V to -1.5V nation. (d) The distribution of the PCEs obtained from 20
2 10 Voc=0.85V 3_10 Voc=0.97 V PHJ-PSC photovoltaic devices with the PEDOT: PSS or
g |PeE-1178% 5 PCE=14.60% PEDOT:PSS-NH,-OH HTL.

) 5-20

5-20 5

00 02 04 06 08 10 12 00 02 04 06 08 10 1.2
Voltage (V) Voltage (V)
40 =

o 20 mm With PEDOT:PSS

E (-S-)SOO mV/s —o-300mV/s 30 (d) - e EEDORERc N O

< 3

£ 101 ~150mV/s — 100 mVs S

2 )

E 0 Voc (V) Jsc (mA/em2) FF (%) PCE (%) ‘E 20

D 0.50v/s  0.96 20.17 76.99 14.89 L

a 10 030vis 097 2022 7815 1534 g

I YRR T Rt e ~ 10

S

220 +oensasmmmEtEEE
5 2 [ 0
15 10 05 00 05 10 15 9 10 11 12 13 14 15 16
Voltage (V) Power Conversion Efficiency (%)

twenty PHJ-PSC photovoltaic devices with pristine PEDOT:PSS and
synthetic PEDOT:PSS-NH,-OH films as the HTL, respectively, in which
the devices were fabricated under the same condition except for the
HTL material. According to the distribution of number of devices, the
trend of PCEs was obtained by Gauss function fitting, as shown in graph
with curves drawing. It is obvious that the PCE of PEDOT:PSS-NH,-OH-
based devices show a clear advantage than pristine devices with sig-
nificantly improvement, and the best PCE of device is over 15%, re-
sulting in the average PCE enhanced markedly from 10.67% to 14.16%
with an enhancement of 32.7%. Besides, it also found that all the de-
vices fabricated with PEDOT:PSS-NH,-OH show small fluctuations for
performance parameters, which shows good repeatability and oper-
ability.

To objectively uncover the superiorities of photovoltaic devices
with PEDOT:PSS-NH,-OH as the HTL, the same batch PHJ-PSCs with

PEDOT:PSS and PEDOT:PSS-NH,-OH HTL were manufactured, and the
statistical results were analyzed. Fig. 5a-d exhibits the distribution of
the performance parameters, i.e., V,, Js, FF and PCE that based on
twenty PHJ-PSC devices with PEDOT:PSS and PEDOT:PSS-NH,-OH,
respectively. It turned out that as the PEDOT:PSS is substituted by
PEDOT:PSS-NH,-OH, all photovoltaic parameters have improved
greatly, of which the average performance parameters of V,, J,., FF and
PCE are 0.96V, 19.73mA/cm? 74.77% and 14.16%, respectively,
which are much higher than the average parameters of PHJ-PSCs with
PEDOT:PSS (Vyc, Jsc, FF and PCE are 0.86 V, 18.22 mA/cm?, 68.62% and
10.67%, respectively), resulting in the enhancement of about 11%, 8%,
9% and 33%, respectively. Here, the marked improvement of V,. for
PEDOT:PSS-NH,-OH-based photovoltaic devices can be linked to the
larger grains size owing to it can reduce interfacial area, as a result,
suppress charge trapping and decrease bulk defects as well as the well
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Fig. 5. The statistic performance parameters (a) V,, (b) Ji, (¢) FF and (d) PCE for PHJ-PSC devices with PEDOT:PSS and PEDOT:PSS-NH,-OH, respectively.
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Table 1
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The performance parameters obtained from J-V curves for PHJ-PSC devices with PEDOT: PSS and PEDOT:PSS-NH,-OH HTL. The best photovoltaic parameters are

shown in the bracket.

Samples Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

With PEDOT:PSS 0.86 * 0.031 18.22 + 1.454 68.62 + 4.398 10.67 + 0.608
0.92) (21.02) (76.1) (12.01)

With PEDOT:PSS-NH,-OH 0.96 *+ 0.025 19.73 + 0.904 74.77 + 1.703 14.16 + 0.642
(1.00) (21.06) (78.15) (15.34)
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band match of PEDOT:PSS-NH,-OH and MAPbI; [10,11,32]. Moreover,
it is worth noting that all the parameters distribution more evenly with
small standard deviations (Table 1), indicating the excellent repeat-
ability and reliability. The sharp improvement of photovoltaic per-
ovskite could be attributed to the interface improvement between HTL
and perovskite film, and the detail reasons can be analyze by EIS ana-
lysis (see the subsequent EIS study). The detail parameters are listed in
Table 1.

Absorption spectra of MAPbI; films deposited on PEDOT:PSS-NH,-
OH or PEDOT:PSS substrates are also measured as shown in Fig. 6a. It
exhibits that the MAPDI; thin film shows strong absorption, which is
similar to MAPbI; perovskite thin film on PEDOT:PSS, suggesting the
strong photon harvesting capability for the spectral range from 350 nm
to 850 nm. However, it is worthwhile note that the higher absorption on
short wave (350-500nm) for PEDOT:PSS-NH,-OH-based perovskite
film. Furthermore, the IPCE spectra of PHJ-PSCs based on PEDOT:PSS
or PEDOT:PSS-NH,-OH are measured, as shown in Fig. 6b, which dis-
plays the IPCE spectrum employed PEDOT:PSS-NH,-OH shows a bit
enhance than that with PEDOT:PSS at the whole wavelength range from
300 nm to 800 nm, it is helpful for improving the J;., and the integrated
Jsc for PEDOT:PSS and PEDOT:PSS-NH,-OH-based PHJ-PSCs is
19.4 mA/cm? and 18.9 mA/cm?, respectively, which is in good agree-
ment with the statistical J,. in comparison with conventional photo-
voltaics (Table 1). On the other hand, the remarkable IPCE spectrum
may partly suggests the efficient hole transport with good electron-
blocking between perovskite and PEDOT:PSS-NH,-OH layer. As a re-
sult, the increase in J;. for PEDOT:PSS-NH,-OH-based devices can be
partly ascribed to the improved absorption.

The inner causes contributing to better property were investigated
further. Steady PL presented a slightly efficient PL quench when de-
positing the MAPbI; atop of PEDOT:PSS-NH,-OH HTL (Fig. 6c),
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indicating better hole extraction and transport capability from per-
ovskite MAPbI3 [28]. It is worth noting that there is a blue-shift of PL
for PEDOT:PSS-NH,-OH-based perovskite, of which dopamine semi-
quinone radical provides more electron donating effect for the trap
passivation [10,11]. This result validates that faster and more efficient
hole-extraction is achieved at the HTL/MAPbDI; interface. Besides, time-
resolved PL was measured as shown in Fig. 6d, based on the experi-
mental results, we fitted the dated with the exponential fits
=y, + Ae~¥/1), of which the lifetime is 31.8 ns and 17.6 ns for PED-
OT:PSS and PEDOT:PSS-NH,-OH-based perovskite film, respectively,
which shows that the PL lifetime of the perovskite that deposited onto
modified PEDOT:PSS layer decreased significantly, indicating efficient
hole transfer occurred from perovskite to HTL [3].

In order to better understand the enhancement of photovoltaic
parameters, especially for FF and V,, EIS was employed to explore the
carrier transfer performance and recombination dynamics, as a con-
sequence, series resistance (R;), contact resistance (Rs.) and re-
combination resistance (R,..) transport parameters can be obtained
effectively, thereby physical processes of carrier transportation and
recombination could be decoupled [13,29]. Fig. 7a—e present the Ny-
quist plot of PHJ-PSC devices with PEDOT:PSS and PEDOT:PSS-NH,-
OH HTL at DC bias of 0V, 0.2V, 0.4V, 0.6 V and 0.8 V under one-sun
AML.5 illumination, respectively. The EIS pattern has the character-
istics of arcs or transmission line. The equivalent circuit contain ideal
capacitors and constant phase elements (CPE), as shown in Fig. 7f. It is
obvious that the devices based on PEDOT:PSS-NH,-OH have a low
contact resistance Ry, than that of PEDOT:PSS. The R is ascribed to
selective contact layer/perovskite film, indicating that PEDOT:PSS-
NH,-OH is better than PEDOT:PSS for improving the charge extraction
and transport [26]. Furthermore, it can been seen that the re-
combination resistance R,.. shows an obvious enhancement as
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Fig. 7. (a—e) Nyquist plot of PHJ-PSC devices with PEDOT:PSS and PEDOT:PSS-
NH,-OH HTL at DC bias at 0-0.8 V with the interval of 0.2V under one-sun
AM1.5 illumination, respectively. (f) The equivalent circuit used for analysis in
this work.

Table 2
Detailed numerical results of (a) Rs, (b) Rg. and (¢) R,ec with PEDOT:PSS and
PEDOT:PSS-NH,-OH HTL that decoded from Nyquist plots.

Sample DC Bias (V) R, () Rye (€2) Rrec ()

With PEDOT:PSS 0 4.444 38.8 161.9
0.2 4.559 36.02 118.9
0.4 4.148 33.87 58.09
0.6 4.162 29.75 35.48
0.8 2.978 8.011 9.423

With PEDOT:PSS-NH,-OH 0 1.094 34.35 937.7
0.2 0.9198 34.14 898.9
0.4 0.9495 31.83 473.2
0.6 0.9081 28.61 179
0.8 0.8569 16.65 20.6

employing PEDOT:PSS-NH,-OH. The R,.. is mainly associated with the
perovskite layer and its interface layer and is inversely proportion to
recombination ratio [29], suggesting a lower recombination during the
hole transport process as PEDOT:PSS-NH,-OH was employed for HTL.
As a consequence, it is reasonable to say that PEDOT:PSS-NH,-OH is
more favorable for carries transport than the traditional PEDOT:PSS
material.

Specifically, the statistic R, Rsc and Ry for the PHJ-PSC devices
with PEDOT:PSS and PEDOT:PSS-NH,-OH layers under AM 1.5 G with
different bias voltages is presented in Figs. S2a—c and Table 2, which are
deduced from the Nyquist plot. Generally speaking, the photovoltaic
with low Ry and Ry as well as large R, is beneficial for device per-
formance owing to Ry is mainly associated with ITO and wire electrode,
Rq. is ascribed to selective contacts or the interfaces adjacent to per-
ovskite film, and R,.. is related to perovskite layer and its contact
layers. A lower R; or Ry could be profitable for photon-generated car-
ries transport at interface between perovskite and function layers (HTL
or ETL), large R, could reduce the recombination ration of electrons
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and holes, making carries effectively migrate to electrodes [29]. Figs.
S2a and b clearly show smaller resistance of Rg and Ry, for these devices
that prepared by PEDOT:PSS-NH,-OH HTL, along with the larger R e
shown in Fig. S2c, implying a more favorable hole extraction and
transport for photovoltaic devices [26].

4. Conclusions

In summary, stable semiquinone and amine radical modified
PEDOT:PSS HTL material was used to fabricate PHJ-PSCs with a
structure of ITO/PEDOT:PSS-NH,-OH/MAPbI3/PCBM/ALl. As compared
to the conventional photovoltaic device based on PEDOT:PSS, the PHJ-
PSCs with PEDOT:PSS-NH,-OH layer present an impressive pre-
ponderance, of which the best device with PCE up to 15.34% was
achieved with negligible hysteresis regardless of different scanning di-
rections and scanning speeds. Besides, the average PCE of twenty PHJ-
PSC photovoltaic devices employed PEDOT:PSS-NH,-OH HTL was in-
creased from 10.67% to 14.16%, resulting in over 30% enhancement in
PCEs. Meanwhile, all performance parameters distribution show more
evenly with small standard deviations and demonstrated the good re-
producibility and operability. The analysis of CV, PL, SEM and EIS in-
dicated that the improvement of V., Js. and FF can be attributed to the
four causes. 1) High radical content and strong charge extraction cap-
ability from perovskite to HTL. 2) Desirable energy level alignment
with perovskite. 3) Favorable interaction with perovskite for high-
quality film formation. 4) Efficient surface trap passivation effects for
perovskite film. That is the HOMO level of PEDOT:PSS-NH,-OH
(—5.32eV) matches well with the valence band of MAPDbI; absorbers
(—5.4eV), and PHJ-PSCs have lower R, and Ry, higher R, as well as
outstanding incident photon-current conversion efficiency along with
efficient hole transport and excellent electron blocking. The research
work successfully demonstrated PEDOT:PSS-NH,-OH is a good choice
substitute for PEDOT:PSS as an excellent HTL material, showing great
potential application for fabricating high-efficient PHJ-PSCs by low-
temperature, solution process.
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