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Modifying the surface of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) with toluene during the high-
speed spin-coating process of dimethylformamide considerably improves the wettability and morphology of
PTAA and results in improvement of the crystallinity and absorption of perovskite film. The hole mobility
and ohm contact have also been improved accordingly. Combined with these improved parameters, inverted
perovskite solar cells with high efficiency of 19.13% and long-term stability could be achieved, which are much
better than those with untreated PTAA. Importantly, our devices can keep 88.4% of the initial power conversion
efficiency after 30 days of storage in ambient air. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.398529

1. INTRODUCTION

Organic–inorganic hybrid metal-halide perovskites have been
considered as leading materials in solar-energy harvesting for
their long carrier diffusion length, strong light absorption,
and suitable bandgap [1]. Impressively, the efficiency of perov-
skite solar cells (PSCs) improved dramatically from 3% to
25.2% within 10 years [2,3]. However, their long-term stability
remains a bottleneck for commercial application [4,5]. In order
to improve their efficiency and stability simultaneously, various
techniques have been developed recently [6,7]. For example,
morphology engineering through self-assembled monolayers
(SAMs) has been developed as an effective way to achieve this
target [8]. Recently, researchers have also fabricated highly ef-
ficient PSCs by surface modification of poly(3-hexylthiophene)
film with a certified efficiency of 22.7% [9]. It is believed that
adjusting the film thickness with post-treatment of the hole
transport layer (HTL) is a good way for fabricating highly ef-
ficient PSCs [10].

The structures of planar PSCs nowadays mainly include
two types, i.e., n-i-p (conventional structure) and p-i-n (in-
verted structure) [11]. Particularly, the inverted PSCs show
higher stability than conventional PSCs because they avoid
using synonyms, i.e., 2, 2 0, 7, 7 0-Tetrakis[N, N-di(4-methoxy-
phenyl)amino]-9, 9 0-spirobifluorene (Spiro-MeOTAD), which

is sensitive to water [12]. Importantly, the HTL plays a critical
role in the high efficiency of inverted PSCs [13]. Various
HTLs, such as poly[bis(4-phenyl)(4-butylphenyl)amine]
(Poly-TPD) [14], CuSCN [15], CuO [16], poly(3,4-ethylene-
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) [17],
and NiOx , have been widely investigated. Among them,
PTAA-based PSCs have received great attention in recent years.
The PTAA doped with [(2,3,5,6-tetrafluoro-2,5-cyclohexadiene-
1,4-diylidene)dimalononitrile,7,7,8,8-tetracyano-2,3,5,6-tetra-
fluoroquinodimethane] (F4-TCNQ) or 4, 4 0, 4 0 0-tris[phenyl
(m-tolyl)amino]triphenylamine was first used as HTL in p-i-n
devices by Prof. Huang, which showed an efficiency of up to
18.3% [18,19]. Recently, Zhu et al. reported that the inverted
PSCs with the same HTL achieved an efficiency of up to 21%
through a simple solution-processed secondary growth technique
[20]. In 2017, n-i-p PSCs based on PTAA recorded maximum
efficiency of 22.1% through iodide management [21], surpassing
the normal tyrant, 2, 2 0, 7, 7 0-tetrakis[N,N-di(4-methoxy-
phenyl)amino]-9, 9 0-spirobifluorene (Spiro-MeOTAD) at one
point. Additionally, PTAA can also be used in conventional
PSCs for improving stability due to its hydrophobic properties
[22]. However, the intrinsic hydrophobic property of PTAA
makes the perovskite precursor difficult to spread out on its sur-
face. Since PTAA is smooth and does not wet DMF andDMSO,
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the perovskite precursor is hardly spun on top of it. Many sci-
entists have tried interfacial engineering via surface modification
to increase the surface activity of PTAA toward perovskites to
solve this problem [23,24]. However, these methods need a large
amount of perovskite precursors to cover the surface of PTAA,
which aggrandizes the cost of PSCs, thus hindering the commer-
cialization of PSCs.

Herein, we report, for the first time to our knowledge, a novel
strategy to fabricate efficient and stable inverted PSCs with pure
PTAA (without any dopant) as an HTL by two-step solvent
post-treatment and thickness control of PTAA film in an all-sol-
ution and low-temperature process. It shows that the efficiency
of our device with toluene-treated PTAA can be up to 19.13%,
which is better than 17.2% for the untreated sample.
Interestingly, our device without any encapsulation shows high
stability with an efficiency of 94.5% after 20 days in ambient air
and 88.4% after 30 days. The enhanced efficiency and
improved stability are attributed to (1) the greatly enhanced hy-
drophilicity and improvement of PTAA by surface modification
through toluene and DMF and (2) the improved ohm contact,
reduced impedance, and enhanced crystallinity of perovskite
film due to the post-treatment of PTAA and its adjusting film
thickness. Our findings demonstrate that the surface modifica-
tion of HTL by the solvent is an effective way to fabricate PSCs
with long-term stability and high efficiency simultaneously. In
particular, our method is not only easy to be realized under mild
conditions [such as all-solution process, low temperature, and
O2 concentration of 40 ppm (parts per million) in the glove
box during fabrication], but it also reduces the amount of per-
ovskite precursor, whichmay be useful for large-scale fabrication
of inverted flexible PSCs with reduced cost in the future.

2. EXPERIMENT

A. Materials
2, 9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, purity >
99%), formamidinium iodide (FAI, purity > 99%), methyl am-
monium bromide (MABr, purity > 99%), lead bromide (PbBr2,
purity > 99%), PTAA (purity > 99%, Mw<6000), and
Phenyl C61 butyric acid methyl-ester synonym (PCB61M) were
all bought from Xi’an Polymer Light Technology Corp. Silver
(purity > 99.999%, commercial), chlorobenzene (CB, purity >
99.99%, Acros), dimethylformamide (DMF, purity > 99.99%,
Sigma), dimethyl sulfoxide (DMSO, purity > 99.9%, Acros),
and toluene (purity > 99.9%, Sigma) are all kept in a N2-filled
glovebox before use. The pre-patterned indium tin oxide (ITO)
glasses were bought from South China Xiang Science &
Technology Company Limited.

B. Device Fabrication
At first, ITO glasses were cleaned by an ultrasonic washer with
deionized water, alcohol, acetone, and IPA in succession for
15min. The as-cleaned ITO substrates were treated with oxygen
plasma for 15min andwere then delivered into aN2-filled glove-
box. The as-prepared PTAA solution 2.5 mg/mL in CB was
spin-coated onto the ITO glasses in two steps: 500 rpm for
5 s (with a ramping speed of 500 rpm/s) and 4500 rpm for
30 s (with a ramping speed of 1000 rpm/s). Then, the samples
were annealed on a hotplate at 105°C for 10min and then cooled
down to 25°C (room temperature, RT). The as-prepared PTAA

films were divided into three groups. In order to increase the
wettability of PTAA, we spin-coated 150 μL DMF on PTAA
at 4000 rpm for 30 s as Group A. For Group B and Group
C, we dropped 40 μL CB and 40 μL toluene onto the center
of the substrates at 20 s during the DMF spin-coating process
(ramping speed of 4000 rpm/s), respectively.We also tried drop-
ping CB or toluene after the DMF washing process (under
steady state) for further comparison.

The perovskite precursor was prepared by mixing
1336.93 mg PbI2, 475.08 mg FAI, 54.58 mg MABr, and
178.93 mg PbBr2 in a 2.5 mL mixed solvent (volume ratio
DMF∶DMSO � 4∶1) and then stirred at 70°C for 1 h. The
as-prepared perovskite precursor was filtered with a 0.45 μm
PTFE filter prior to use and then spin-coated onto the above
three PTAA layers in a two-step program: at 2000 rpm for 10 s
(with a ramping speed of 500 rpm/s) and then at 6000 rpm for
35 s (with a ramping speed of 2000 rpm/s). During the second
step, we dropped 150 μL CB onto the center of the substrates at
around 20 s. The perovskite film annealed on a hotplate at 105°
C for 90 min and then cooled down to room temperature. The
electron transport layer PC61BM (20 mg/mL in CB) was spin-
coated onto the perovskite layer at the speed of 1200 rpm for
40 s (with a ramping speed of 400 rpm/s) and left to dry in petri
dishes for 15 min. Then, all samples were spin-coated by
120 μL BCP (0.5 mg/mL in IPA) at 4500 rpm for 35 s (with
a ramping rate of 1000 rpm/s).

Afterward, 100 nm silver was thermally evaporated in a
vacuum chamber (<5 × 10−6 Pa) as the electrodes: the evapo-
ration speed was around 0.1 Å/s (1 Å = 0.1 nm) in the first
20 nm, then increased to 0.5 Å/s in the middle 40 nm, and
at last reached 1 angstrom/s for the last 40 nm. The active area
of the cells was defined by the overlap of the ITO and the Ag
(0.05 cm2) for each by using a metal shadow mask. The above
process was completed in aN2-filled glovebox with oxygen and
humidity both lower than 10 ppm, and the atmosphere and
temperature change will influence the results.

C. Materials Characterization
The ultraviolet-visible (UV-vis) absorption spectra of the
perovskite films and the transmittance of PTAA films were re-
corded by UV-2600 (Shimazu), and the scanning electron mi-
croscope (SEM) images were obtained by Zeiss Sigma. Atomic
force microscope (AFM) images were measured by Bruker
FastScan, and the root mean square of Ra (RMS) for all films
was measured. X-ray diffraction (XRD) measurement was con-
ducted through a Rigaku (RINT-2500) X-ray diffractometer
(Cu Kα radiation, λ � 1.5418 Å). A drop shape analyzer
(OSA100S-T-P) recorded the contact angles of PTAA, and a
step profiler (DEKTAK-XT) measured the thickness of perov-
skite. The photoluminescence (PL) was recorded through Acton
SpectraPro SP-2500 (Princeton Instrument), and time-resolved
photoluminescence (TRPL) was measured by a universal streak
camera C10910 series under dark in ambient air at room tem-
perature. (The excitation source is a femtosecond laser with
400 nm wavelength, 100 fs pulse width, and 1 kHz repetition
rate. The excitation energy density is set to be 1.5 μJ∕cm2 with
spot diameter of 4 mm.) X-ray photoelectron spectroscopy
(XPS) measurement was conducted by a Therno scientific
XPS system (ESCALAB Xi+).
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D. Solar Cell Measurement
J-V (current density versus voltage) curve was measured through
a Keithley 2400 source meter, and a 425 W collimated xenon
lamp was used as the light source. The scan range is from 0 to
1.3 V, and 100 points were recorded with 30 ms dwell time for
each; further, there is no pre-illumination for all J-V measure-
ments. The light intensity is calibrated through a solar simulator
(Newport) to 100 mW · cm−2 (AM 1.5G). The incident
photon-to-electron conversion efficiency (IPCE) was measured
by a Zolix IPCE measurement system (SCS10-X150A-DSSC-
CB07) in alternating current (AC) mode. The electrochemical
impedance spectroscopy (EIS) measurement was completed with
a Solartron electrochemical workstation (the frequency range is
0.1–1 Hz, and the bias voltage is 0.6 V). All devices were kept in
ambient conditions with humidity around 35%, and the above
measurements were performed under RT.

3. RESULTS AND DISCUSSION

As important parameters for the efficiency of a solar cell, the
transmittance and morphology of PTAA were characterized
at first. The transmittance of PTAA through ITO glass is as

high as 90% in the visible light range [Figs. 1(a) and 1(b)],
indicating that ITO/PTAA has good light transmission.
SEM images show that the surface of PTAA on ITO is much
smoother and more compact than on pure glass [Figs. 1(c) and
1(d)], which may lead to improved ohm contact and is benefi-
cial for holes to be easily extracted from a perovskite
(PSK) layer.

In order to improve the wettability of PTAA (perovskite is
hydrophilic), a small amount of CB or toluene, was dropped
onto the PTAA layer during the spin-coating process of DMF.
Interestingly, through this method, the perovskite precursor can
be easily spread out on the treated PTAA surface. We then mea-
sured the thickness of PTAA (2.5 mg/mL in CB), which is
around 15 nm. In order to study the thickness change of
PTAA, we then conducted XPS measurement for the four
PTAA layers with different treatments. XPS results confirmed
high amounts of oxygen with a simultaneous decrease in nitro-
gen upon CB or toluene treatment of PTAA. This is in line
with a decrease in the thickness of PTAA [reduced N,
Fig. 1(e)], while consequently more ITO [an increase in O,
Fig. 1(f )] was visible from the surface. Both CB and toluene
could erode PTAA film to some extent during the process

Fig. 1. Transmittance of PTAA on (a) ITO glass and on (b) electronic grade pure glass; SEM (scale bar � 1 μm) images of (c) ITO glass and
(d) PTAA precursor covered ITO glass. XPS profiles for PTAA, PTAA+DMF, PTAA+DMF/CB, and PTAA+DMF/toluene on ITO substrate:
(e) scan for O 1s; (f ) scan for N 1s.
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