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Abstract

Poly[bis(4-phenyl) (2,5,6-trimethylphenyl) amine (PTAA), as a hole transfer material, has
been widely used in perovskite solar cells (PSCs). However, the optimal solvent for
preparing the PTAA solution and coating the PTAA layer is still uncertain. In this work, we
investigated three types of organic solvents (toluene, chlorobenzene and dichlorobenzene)
for processing PTAA layers as the hole transport layer in PSCs. Based on the experimental
verification and molecular dynamics simulation results, all the evidence indicated that
toluene performs best among the three candidates. This is attributed to the significant
polarity difference between toluene and PTAA, which leads to the formation of a uniform
surface morphology characterized by granular protuberances after spin coating. The contact
area of the hole transfer layer with the surface aggregation is increased in reference to the
rough surface, and the hydrophilicity of the PTAA layer is also increased. The improvement
of these two aspects are conducive to the effective interfacial charge transfer. This leads
to the generation of more photocurrent. The PSCs employing toluene-processed PTAA
exhibit an average power conversion efficiency (PCE) of 19.1%, which is higher than that
of PSCs using chlorobenzene- and dichlorobenzene-processed PTAA (17.3-17.9%). This
work provides a direct optimization strategy for researchers aiming to fabricate PSCs based
on PTAA as a hole transport layer and lays a solid foundation for the development of
high-efficiency inverted PSCs.

Keywords: perovskite; PTAA; morphology; solvent; aggregation

1. Introduction

Recently, perovskite solar cells (PSCs) have become one of the most promising pho-
tovoltaic technologies due to their low production cost and simple preparation pro-
cess [1-9]. The development of PSCs exceeds people’s expectation, and the power-
conversion-efficiency (PCE), which increases by about 2.5% annually, keeps breaking
the record [10-13]. At present, the efficiency of the highest certified single-layer PSCs
has exceeded 27.0% [14]. Owing to their numerous advantages, PSCs have a very bright
industrialization prospect and are therefore a potential competitor of next-generation solar
cells. However, PSCs also suffer from some disadvantages, such as poor stability and lead
toxicity, which limit their commercial applications [15,16].

Inorganics 2025, 13, 232

https://doi.org/10.3390/inorganics13070232


https://doi.org/10.3390/inorganics13070232
https://doi.org/10.3390/inorganics13070232
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0001-9222-7189
https://orcid.org/0000-0002-8493-0031
https://doi.org/10.3390/inorganics13070232
https://www.mdpi.com/article/10.3390/inorganics13070232?type=check_update&version=1

Inorganics 2025, 13, 232

2 of 10

PSCs usually have regular n-i-p and inverted p-i-n stack structures [12,13]. In such
devices, perovskite materials are sandwiched between electron and hole transport lay-
ers. MAPbI3 (MA is methylammonium) is widely used as the energy conversion mate-
rial of the perovskite layer; TiO, and 2,2',7,7'-Tetrakis[N,N -di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD) are commonly used as electron and hole trans-
port materials, respectively [15-20]. To further improve the performance and stabil-
ity of PSCs, mix-cation perovskites have been developed, which include three cations
of formamidinium (FA), MA and Cs [10]. Hole transfer materials such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), nickel oxide, and poly[bis(4-
phenyl)(2,5,6-trimethylphenyl)amine (PTAA) have been investigated in PSCs [21-24]. Al-
though searching for new materials plays an important role in improving the performance
of perovskite solar cells, controlling the morphology of each layer is also crucial to the
performance of the devices [25-28]. For example, the morphology of perovskite films could
directly affect the light absorption and charge generation [29-32]. The morphology of the
electron and hole transport layer is of great significance for transport, separation and collec-
tion which affect the contact resistance and current density of the device [33,34]. Generally,
in order to control the morphology of each functional layer, the commonly used methods
are solvent optimization, thermal annealing and solvent annealing technology [22,35-38].
For example, in order to obtain a high-quality spiro-OMeTAD layer, spiro-OMeTAD is usu-
ally dissolved in chloroform, chlorobenzene or ethylacetate and then spin-coated. Similarly,
controlling the morphology of the perovskite ore layer in devices by solvent treatment is
frequently reported [39-42].

PTAA, as a kind of conductive polymer material, is increasingly being used to replace
spiro-OMeTAD as the hole transport layer in perovskite solar cells [43—47]. This is because
its lowest unoccupied molecular orbital (LUMO) levels (about —5.2 eV) can match well
with the valence band of perovskite and the work function of ITO. In addition to energy
level alignment, the contact between the hole transport layer and the perovskite absorber
should also be optimized to more effectively extract holes from the perovskite and transport
them to the anode. Jacak et al. demonstrated that using some nanometallic particles could
enhance the hole capturing, which is beneficial for boosting the performance of PSCs [48].
Although in these reports, the devices using PTAA as the hole transfer layer have shown
good performances. There is still no agreement on the solvents used in the treatment of
PTAA in these reports [44-47]. Wu et al. [44] employed chlorobenzene as the solvent in
their work, while Fu et al. and Deng et al. [46,47] used toluene. However, aside from the
difference in PTAA solvents, other preparation conditions are not uniform, so it is difficult to
decide which solvent is the best choice for the preparation of the PTAA coating liquid from
their conclusions. This may cause some confusion for other researchers in the preparation
of perovskite solar cells based on PTAA. In this work, we investigated the solvent effect for
controlling the morphology of the PTAA layer, which further influences the performance
of PSCs. We selected three solvents in the preparation of perovskite solar cells, i.e., toluene,
chlorobenzene and dichlorobenzene, and carried out experimental and theoretical methods
to obtain the data related to the device’s performance. We found that using toluene-
processed PTAA resulted in the best performance for the PSCs, which exhibited an average
PCE of 19.1%, whereas the PSCs using chlorobenzene or dichlobenzene-processed PTAA
showed lower PCEs of 17.3% and 17.9%, respectively. The optimal solvent selection is
illustrated by parameters such as molecular dynamics, surface morphology, hydrophobicity
and device performance. Our work may provide an effect reference for other researchers in
the future when they process a device with PTAA as the hole transfer layer.
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2. Results and Discussion

As shown in Figure 1a, the PSCs were fabricated with a structure of glass/ITO/PTAA/
perovskite/PCBM/BCP/Ag. As seen in the SEM image in Figure 1b, the PSCs have
a standard layer-by-layer structure, with a perovskite thickness of about 500 nm. As
indicated in the image, the processed PTAA and PCBM show thicknesses of about 30 and
65 nm, respectively. To find the indirect relationship between the solvent characteristics
and the device performance, we used toluene, chlorobenzene and 1,2-dichlorobenzene as
the coating solvent of PTAA to spin-coat the PTAA layer on ITO glass, using the same
preparation method and conditions. To ensure the statistical validity of the related data,
we prepared 15 samples for each group. The collected scatter statistical values of the
photoelectric parameters of the samples are shown in the following figure (Figure 1).

PCBM

Perovskite

Figure 1. (a) Schematic structure of the PSCs in this work. (b) Cross-sectional SEM image of the PSC.

As shown in Figure 2a—d, the short-circuit current density (Js.) and the PCE of the
toluene-based group are obviously higher than those of the other two groups. In contrast,
the open-circuit voltage (V) exhibit only minor variations among the three groups, with
average values of 1.06 V, 1.05 V and 1.06 V, respectively. For the fill factor, no obvious
change rule can be drawn from the three groups of data (0.71, 0.69 and 0.70 in average,
respectively), This phenomenon will be discussed in detail later. If the influence of FF is
temporarily disregarded, it can be inferred from the figure that the variation in Jy is pri-
marily determined by the choice of solvent, and the same applies to the PCE. Table 1 shows
all the parameters, which were extracted from the forward scanning J-V characteristics.
The PCEs (17.3-19.1%) in this work are lower than the record efficiency (about 27%). This
may be related to the device’s configuration, the perovskite formula, the experimental
conditions, etc. According to these data, it can be seen that for the [, the device using
toluene as solvent is superior to the other two groups. The trend of these values is in
accordance with Figure 2a,b,d. For the fill factor, there are slight differences between the
average values of the three groups and their best values. The results show that the PCE
variation was mainly influence by the Js. change, which affected the selection of the solvent.

Table 1. Device parameters for the PSCs based on PTAA processed from toluene, chlorobenzene
and dichlorobenzene.

Processed Jsc (mA o Average Best
Solvent Voc (V) cm-2) FE(®)  pCE(%)  PCE (%)
Toluene 1.11 £0.01 2254+03 765+ 1.2 19.1 0.3 19.5

Chlorobenzene  1.08 &+ 0.01 21.6 +£0.3 742 +1.1 17.3 £0.3 17.7

Dichlorobenzene 1.09 £ 0.01 21.8+0.3 752£11 179 £ 03 18.3

To further investigate the mechanism by which solvent selection influences device per-
formance, we measured the J-V characteristics of PSCs, with PTAA layers processed using
toluene, chlorobenzene and 1,2-dichlorobenzene. As shown in Figure 3a, the use of toluene
as the processing solvent significantly enhances the Js. as compared with chlorobenzene and
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1,2-dichlorobenzene. However, the influence of the three solvents on the V. is negligible,
which is consistent with the aforementioned conclusion. Furthermore, to verify the reliabil-
ity of the measured Js., we measured the IPCE spectra of the three best-performing devices
and integrated the IPCE data over the entire wavelength range, as shown in Figure 3b. The
integrated Js from the IPCE (on average) are 20.72, 19.48 and 19.42 mA/ cm? for the devices
processed with toluene, chlorobenzene and 1,2-dichlorobenzene, respectively. These results
are in good agreement with the current densities obtained from the J-V measurements,

further confirming the reliability of our measurements.
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Figure 2. Scatter statistics of the photoelectric parameters. (a), Jsc, (b), Vo, (¢) fill factor, (d), PCE of
the samples prepared by using the PTAA solution treated with toluene (red), chlorobenzene (green)
and 1,2-dichlorobenzene (blue) as the electron transport layer of the spin-coating solution, with 15
samples for each group.
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Figure 3. |-V characteristics (a) and IPCE spectra (b) of the PSCs, with PTAA processed from toluene,
chlorobenzene and dichlorobenzene.

Because the above evidence indicates that the J, is influenced by the choice of solvent,
the following section will focus on analyzing the various factors affecting the Js. of the
devices in order to elucidate the underlying mechanism. As is well known, the generation
of photocurrent in PSCs involves the following process: first, the perovskite layer absorbs
photons, exciting the electrons, then the photogenerated electron-hole pairs are separated
and transported to the electron transport layer and hole transport layer, respectively; finally,
the charges are collected by the corresponding electrodes. In this process, the J is closely
associated with the photon absorption capability of the perovskite layer and the interfacial
charge transfer efficiency between the perovskite and hole transport layers [21,23-25].

We investigated whether the photoelectron collection process can be influenced by
the choice of solvent. According to previous studies, the crystallization and morphology
of the perovskite’s active layer are critical factors in determining the efficiency of photo-
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electron collection [29,30]. We then characterized the perovskite films processed with the
three solvents by X-Ray diffraction (XRD, Figure S1), scanning electron microscopy (SEM,
Figure 52) and ultraviolet-visible absorption spectroscopy (UV—-vis, Figure S3). The SEM
images show that the morphology of the perovskite layer remains largely unaffected by
the different solvent treatments. This can be explained as follows: during the preparation
process, the thickness of the PTAA layer is much thinner than that of the perovskite layer.
Moreover, as indicated in Figure 4, all the PTAA films processed from the different solvents
showed a hydrophobic surface property. Therefore, variations in the PTAA layer do not
significantly impact the surface morphology of the perovskite. However, the XRD and
UV-vis absorption results indicate that the PSCs using toluene-processed PTAA exhibit the
best performance. This aligns well with the FF results, strongly suggesting that the choice
of organic solvent slightly affects the perovskite quality, although its impact on this is less
significant than its impact on the charge transfer process.

(b)

Figure 4. Contact angle of the PTAA layer prepared by using the PTAA solution treated
with toluene (a), chlorobenzene (b) and 1,2-dichlorobenzene (c) and AFM images of the PTAA
layer prepared by using the PTAA solution treated with toluene (d), chlorobenzene (e) and 1,2-
dichlorobenzene (f), respectively.

To understand the influence of solvent selection on the interface charge transfer, we
tested the surface morphology of the PTAA layer. First, the contact angles and atomic
force microscopy (AFM) patterns of the PTAA layers, with toluene, chlorobenzene and
1,2-dichlorobenzene as solvents, were measured. Compared with Figure 4a—c, it can be
seen that the contact angle of the PTAA layer with toluene is the smallest at 79.6°, while
the contact angles of the PTAA surfaces with chlorobenzene and 1,2-dichlorobenzene
as the solvents are more than 90° (90.4° and 94.0°, respectively), which indicates that
the hydrophilicity of the PTAA layer can be obviously improved with toluene as the
solvent. Then, atomic force microscopy was used to test their surface morphologies. AFM
imaging (Figure 4d—f) shows the reason for the different hydrophobicity levels of the PTAA
layers. Compared with the PTAA layers with chlorobenzene and 1,2-dichlorobenzene as
solvents, the surface of the PTAA layer with toluene as the solvent shows obvious and
dense protrusions, and the diameters of these protrusions are about 15 nm each. However,
the surfaces of the PTAA layers with the other two solvents are much smoother, and
almost no obvious protuberances can be seen. The RMS roughness values of the PTAA
films processed from toluene, chlorobenzene and dichlorobenzene are 2.3, 1.8 and 1.6 nm,
respectively. This phenomenon also corresponds to the contact angle obtained above. On
the other hand, the existence of these protrusions is equivalent to increasing the interface
area between the PTAA layer and the perovskite layer, which also increases the effective
transfer probability of electrons between the interfaces, and this improvement can indeed
improve the interfacial charge transfer efficiency. From the calculation mode of the dynamic
simulations, the calculated interface area of the toluene-processed sample is 10.4%, which
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is 9.2% higher than that of the chlorobenzene- and 1,2-dichlorobenzene-processed samples.
This conclusion is also consistent with the EIS (Figure S4) results, in which we tested the
EIS to study the variation coursed by the different organic solution-treated PTAAs. Figure
54 shows the Nyquist plots with two characteristic arcs and equivalent circuits. The plots
show that the recombination resistance (Rrec), the series resistance (Rs) and capacitor C can
be observed. The toluene-treated sample exhibited an Rs of 26.3 () and an Ryec of 362.7 ),
while the chlorobenzene and 1,2-dichlorobenzene-treated samples presented an Rs of
30.6 Q) with an Ryec 0of 477.5 2 and an Rg of 29.3 (2 with an Ryec of 402.3 (), respectively. The
decreased Rs and increased Ryec indicate the improved electron-transporting performance
and suppressed charge recombination [40], which are conducive to an enhanced interface
area and an enlarged J..

To investigate the origin of the surface protrusions observed in the AFM images, molec-
ular dynamics simulations were conducted to analyze the distribution of PTAA molecular
chains in different solvents. As shown in Figure 5, in toluene, the PTAA molecules tend
to aggregate into large clusters due to their poor solubility, leading to an inhomogeneous
distribution in the solution. This aggregation is likely due to the polarity difference between
PTAA and toluene molecules (Table 2). Upon solvent evaporation, the aggregated state
of PTAA is retained, leading to the formation of surface protrusions, as observed in the
AFM images. Compared with toluene, PTAA molecules are more uniformly dispersed in
the other two solvents, which accounts for the relatively smooth morphology of the PTAA
layers formed using these solvents.

® PTAA ©® Toluene © Chlorobenzene @ Dichlorobenzene

Figure 5. Molecular dynamic simulation of the solvent and PTAA’s interaction mechanisms:
toluene (a), chlorobenzene (b) and 1,2-dichlorobenzene (c).

Table 2. The polarities of the solvents used in this work.

Solvent Parameter Toluene Chlorobenzene Dichlorobenzene
Polarity 2.4 2.7 2.7

3. Materials and Methods
3.1. Materials

The patterned indium tin oxide (ITO) glass substrate and [6,6]-phenyl-Cg; butyric
acid methyl ester (PCBM) were purchased from Kaivo Co., Ltd. (Zhuhai, China) and
Nano-C (Westwood, MA, USA), respectively. Methylammonium bromide (MABr), PTAA,
FAI, cesium iodide (Csl) and lead bromide (PbBr;) were purchased from Xi’an Polymer
Light Technology Corp. (Xi’an, China). Lead iodide (Pbl,), bathocuproine (BCP) and
all solvents [N,N-dimethylmethanamide (DMF), dimethylsulfoxide (DMSO), isopropanol,
chlorobenzene, 1,2-dichlorobenzene and toluene] were supplied by Sigma-Aldrich (St.
Louis, MO, USA).

3.2. Device Preparation

We employed Csgg5FAg.81MA( 14Pbl; 55Br0.45 perovskite as the absorber for photo-
electric conversion. First, the etched ITO glass was washed in deionized water, acetone
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and isopropanol for 10 min and dried with a nitrogen gun. Next, clean ITO glass panels
were treated in an ultraviolet ozone cleaner for 15 min. PTAA solutions (10 mg/mL in
chlorobenzene, toluene or dichlorobenzene) were spin-coated onto the ITO glass substrates
at 4000 r/min for 30 s. The spin-coated glass substrates were then annealed in air (140 °C,
15 min) to thoroughly evaporate the residual solvents. The perovskite precursor was
prepared in a mix solvent (DMF:DMSO = 85:15) by dissolving FAI, MABz, Csl, Pbl, and
PbBr, into DMF [with molar ratios of Pbl, /PbBr, and FAI/MABr, both fixed at 0.85:0.15;
Csl/(FAI + MABr) fixed at 0.05:0.95; and (FAI + MABr + Csl)/(Pbl, + PbBr;) fixed at 1:1)].
The final mass fraction was 40%. Before spin-coating, the perovskite precursor was heated
and stirred for 12 h at 60 °C. The spin-coating of the perovskite and PCBM layers was
accomplished in glove box filled with nitrogen: 150 uL perovskite solution was dripped on
the spin-coated PTAA film and then spin-coated at 4500 r/min for 30 s. After spin-coating,
the samples were heated for 10 min at 100 °C until the perovskite film completely changed
from yellow to reddish brown.

Subsequently, PCBM was dissolved in chlorobenzene to prepare a 20 mg/mL solution.
This PCBM solution was then dropped onto the formed perovskite film, spin-coated at
1000 rpm for 30 s and annealed at 40 °C for 10 min to remove the residual solvent. Finally,
the spin-coated samples were transferred to a vacuum evaporator, where 0.6 nm of BCP
was deposited at a rate of 0.2-0.3 A/s under a vacuum pressure below 1 x 105 Torr.
Subsequently, 100 nm thick Ag electrodes were deposited at a rate of 1-2 A /s. Subsequently,
the device was encapsulated using ultraviolet-cured epoxy resin and a glass cover slide,
after which its performance was evaluated. The effective active area of the PSCs was
0.04 cm?.

3.3. Characterizations

The J-V characteristic curve of the solar cells were tested under 1 sunlight intensity
(100 MW /cm), and the Keithley 2400 was used to collect data. The incident photon-to-
current efficiency (IPCE) spectra of the PSCs were measured by a SolarCellScan100 (Zolix,
Beijing, China). The cross-sectional image of the PSCs and the morphology of the perovskite
layer were measured by using a SEM (SU8020, Tokyo, Japan) with an acceleration voltage
of 8000 V. The contact angles were measured by dropping water onto the surface of the
PTAA films. The morphologies of the PTAA films were measured by an AFM (Veeco, San
Jose, CA, USA) in the tapping mode.

3.4. Simulation Background

In the Mesocite module of Quantum Espresso (QE) 7.4, we used the dissipative
particle dynamics method to study the effect of the solvent. A cubic hypermonomer with a
transverse dimension of 100 A x 100 A x 100 A was used, which contained 7750 PTAA
monomers and 2461 solvent molecules. The average density of PTAA was 1.09 g cm 3.
Newton’s equations of motion were integrated by using the Verlet algorithm with a time
step of 1 fs. The simulated temperature and pressure were set to 413.15 K (140 °C) and

101.325 kPa (latm), respectively.

4. Conclusions

In conclusion, we systematically investigated three different organic solvents (toluene,
chlorobenzene and dicholobenzene) for processing PTAA layers as the hole transport layer
in perovskite solar cells. Both the experimental results and molecular dynamics simulations
reveal that PTAA exhibits significant molecular aggregation in toluene, whereas such
aggregation is not observed in the cases of chlorobenzene and dichlorobenzene. The
evaporation of different solvents resulted in distinct surface morphologies of the PTAA
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layers. On one hand, the formation of surface protrusions increases the interfacial area for
excited-state charge transfer, thereby enhancing the probability of efficient hole transport
and improving the current density of the device. On the other hand, the roughened surface
enhances the hydrophilicity of the PTAA layer, which is beneficial for achieving higher
device efficiency. Although different solvents influence the morphology of the PTAA layer,
this morphological variation plays a key role in determining device performance. Our
study demonstrates that the choice of PTAA solvent has a significant influence on the
properties of the perovskite layer. The above evidence indicates that toluene is the most
suitable solvent for processing PTAA in perovskite solar cells.
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