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ABSTRACT: PEDOT:PSS is the most popular hole-transporting
material (HTM) for conventional structural organic solar cell
(OSC) devices, whose performance is of great importance for
realizing high power conversion efficiency (PCE). However, its
performance in OSC devices has been continuously challenged by
various replacing materials and different doping strategies, for better
conductivity, work function, and surface property. Here, we report a
simple dopant-free method to tune the phase separation of the
PEDOT:PSS layer, which results in better charge transport and
extraction in devices. Specifically, high PCEs for binary polymer-
small-molecule (>18%) and polymer−polymer (>17%) systems are
simultaneously achieved. This work engineeringly provides en-
couraging improvement for OSC device performance with easy
modification and scientifically offers insights into tuning the property of the PEDOT:PSS layer.

■ INTRODUCTION
Organic solar cell (OSC) technology, as a promising type of
photovoltaic (PV), shall be readily prepared for further
commercialization once the device performance appeals the
market’s requirement, which mainly relies on the quality of the
active layer and charge transport layer.1−12 By optimizing both
of them, the power conversion efficiency (PCE), key factor of
device performance, has reached 19% in several cases.13−21

These exciting progresses usually require tremendous chem-
istry input or complex device engineering, so some simple yet
effective ways to optimize the cast layers for OSCs are desired.

Compared with active layer optimization, the efforts made in
the interlayer, both hole- and electron-transporting layer, are
clearly less in recent years, although it is also an effective way
for pursuing state-of-the-art PCEs.22−32 Moreover, more
research studies focus on the electron-transporting material
(ETM) than hole-transporting material (HTM) because the
universally applied PEDOT:PSS is easy to manipulate during
the fabrication and can afford decent efficiency though its
conductivity, and work function (WF) and surface morphology
are moderate. Compared with those studies of finding
replacing materials,33 or applying dopants,34 a simple
modification without any more material input is advantageous
for cost control. In previous studies, the phase segregation of
PEDOT and PSS in the film was found to be an important
factor in determining the performance, and it was found that
thermal stress assists in smoothing the surface, which leads to
suppressed device efficiency fluctuation and boosted short-

circuit current density (JSC).35 Moreover, increasing the
annealing temperature results in a smooth surface but breaks
the inner packing and molecule composition, so pursuing a
more uniform surface requires some other methods.

Herein, we report a simple solvent treatment on freshly cast
PEDOT:PSS before the thermal annealing, which can tune the
surface morphology, that is, phase distribution, thus enabling
improved PCE for the corresponding devices. The control
devices are composed of simply cast and annealed
PEDOT:PSS films, and the target ones are with chloroform
(CF)-modified films. The insoluble PEDOT and PSS phase
can be moved by CF during spinning and then a tuned
composition distribution, which realizes a more uniform
surface after thermal annealing. Consequently, the correspond-
ing device performances are promoted for three representative
binary systems: PM6:BTP-2FThCl, PTQ10:m-BTP-PhC6,
and PM6:PY-IT.36−40 Specifically, 18.31 and 17.14% are at
the leading level of the binary OSCs and hydrocarbon solvent-
processed all-polymer solar cells, respectively. This research
proposes a simple yet effective way to improve the
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PEDOT:PSS layer’s performance by no further chemistry
input.

■ RESULTS AND DISCUSSION
The operation of PEDOT:PSS layer modification is displayed
in Figure 1a. Before thermal annealing (TA) processing, the
just-cast PEDOT:PSS (Hareus Al 4083) film is rinsed with CF,
one of those orthogonal solvents for the layer, which can
endow the film with a different phase distribution after
spinning without dissolving or breaking the film. Afterward, the
TA procedure is applied. This is a simple modification of the
PEDOT:PSS film without using dopants or synthetic methods,

but effectively changing the surface morphology. Although CF
cannot dissolve the film, it moves the particles during the high-
speed spinning so that a tuned composition distribution can be
achieved, which affords the chance of reaching further
suppressed phase separation.

The morphology tuning difference of the surface mod-
ification between the control and target is compared by atomic
force microscopy (AFM) height images and transmission
electron microscopy (TEM) images, as shown in Figure
1b,c.41−43 The calculated surface roughness values of the
control and target are 5.19 and 2.86 nm, respectively. The
results are consistent with the guess. Both the technology-

Figure 1. (a) PEDOT:PSS layer fabrication. (b) AFM and (c) TEM images of control and target films.

Figure 2. PESA results of the (a) control and (b) target. (c) Absorption and (d) transmission of the control and target.
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captured images show that the modified target contains a more
sophisticated nanofiber structure, smoother surface, and
suppressed phase separation.

Then, we turn to investigate the morphology variation’s
impact on the HTM layer’s basic properties. The WF values of
them are determined by photoelectron spectroscopy in air
(PESA) measurements upon the prepared films. As a result,
the WF of the target film is improved from 5.35 to 5.38 eV
compared to the unmodified one. Based on previous reports,
properly enhanced WF of the PEDOT:PSS layer is friendly for
boosting photovoltaic performance.44−47 Besides, the trans-
mission property of the films has been studied too. The general
profiles of two films are nearly identical. The abovementioned
data are presented in Figure 2. Then, the conductivity of the
control is 3.51 × 10−5 S cm−1, while that of the target is 6.24 ×
10−5 S cm−1 (Figure 3a), according to the results of the four-
point probe method. The significantly improved conductivity
of the HTM-based layer is beneficial for charge extraction, and
thus, better photovoltaic parameters such as open-circuit
voltage (VOC), JSC, and fill factor (FF) are obtained.

Furthermore, we evaluate the charge transport property of
diode devices with the control or target, using two popular p-
type polymer materials (PM6 and PTQ10; Figure 3b) as the
studying object.48−50 The hole-only devices are fabricated
based on the structure of ITO/control or target PEDOT:PSS/
PM6 or PTQ10/MoO3/Ag. The data analysis is enabled by
Mott−Gurney relationship (details in the Supporting In-
formation) where linear fitting can be carried out between
applied voltage and square value of current density.51 The
curves are shown in Figure 3c,d, and the calculated results are
listed in Figure 3e. It reveals that the modified HTM layer can
promote the global hole transport in the photodiode devices,
which is a positive signal for boosting FF.

Then, we use three different binary OSC combinations to
investigate the PEDOT:PSS flattening modification’s effect of
promoting the photovoltaic performance, for which the device
structure is ITO/control or target/active layer/ZrAcAc/Al.
The recipes for active layer processing follow the former
studies (note that PM6:PY-IT is dissolved by non-halogenated
solvent o-XY).36,37,51−53 The chemical structures of the
acceptors are shown in Figure 4a. Their current density versus
voltage (J−V) characteristics are plotted in Figure 4b, with
extracted parameters summarized in Table 1. The device
efficiency of PTQ10:m-BTP-PhC6 binary OSCs is increased
from 17.56 to 18.31%, which is among the highest levels for
PTQ10 (low-cost polymer donor)-composed binary devices.
The performance enhancement benefits from VOC, JSC, and FF,
as expected before. On the other hand, the solar cell based on
PM6:BTP-2F-ThCl can achieve an efficiency of 17.70%, also
outperforming the counterparts. At last, a 17.14% PCE is
gained here due to the better HTM layer, which is one of the
best values for non-halogenated solvent-treated binary all-
polymer solar cells.54−63

The brackets contain averages and standard errors of PCEs
based on at least 20 devices. Integrated values are behind the
slashes.

Furthermore, the external quantum efficiency spectra of
them are measured to assure the performance credibility. The
integrated values are shown in Table 1 too. Accordingly, the
errors are controlled to be smaller than 3%. Overall, the target
type devices are all better than controls, indicating the effect
and significance of this economic and simple modification
method.

At last, the stability of devices based on control and target
films is evaluated, shown in Figure 4d. It is reasonable that
simple solvent treatment does not exhibit much change in this
issue, since the chemical composition of the PEDOT:PSS layer

Figure 3. (a) Conductivity. (b) Chemical Structure of PM6 and PTQ10. The hole-only device results based on two films for (c) PM6 and (d)
PTQ10. (e) Summarized mobility values.
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is still the same. All three groups of devices show very close
storage stability, and the controls are slightly higher, indicating
this strategy’s effectiveness in promoting the comprehensive
device performance.

In addition to the improvement of HTL performance, the
change in free energy for the processed surface would also tune
the vertical phase segregation, as mentioned by some previous
papers, which could also contribute to enhanced device
efficiency.64 Although the surface free energy is hard to
determine for PEDOT:PSS, this possible explanation deserves
our discussion.

Figure 4. (a) Chemical structures of acceptor materials: m-BTP-PhC6, BTP-2F-ThCl, and PY-IT. (b) J−V characteristics of binary systems
PTQ10:m-BTP-PhC6, PM6:BTP-2F-ThCl, and PM6:PY-IT. (c) Corresponding EQE spectra. (d) Shelf-like stability of the encapsulated devices in
a nitrogen atmosphere.

Table 1. Device Performances

systems VOC (V) JSC (mA cm−2) FF (%) PCE (%)

PTQ10:m-BTP-PhC6
control 0.890 25.53/25.19 77.3 17.56 (17.22 ± 0.25)
target 0.891 26.25/25.69 78.3 18.31 (18.13 ± 0.17)

PM6:BTP-2F-ThCl
control 0.865 25.83/25.40 76.2 17.03 (16.78 ± 0.24)
target 0.872 26.46/25.94 76.7 17.70 (17.40 ± 0.20)

PM6:PY-IT
control 0.942 23.29/22.82 75.3 16.52 (16.31 ± 0.22)
target 0.945 23.57/23.50 76.9 17.14 (16.96 ± 0.19)
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■ CONCLUSIONS
In summary, we apply an orthogonal solvent of the
PEDOT:PSS layer, which succeeded in dragging the
composition during the spinning and offered a more ideal
starting point of surface morphology before the thermal
annealing. As a result, a smoother surface can be achieved, and
then, much improved conductivity and device mobility (also
properly enhanced WF) can be obtained. This variation
enables a universal efficiency enhancement in different
photovoltaic systems, that is, three binary OSCs including
state-of-the-art efficiency of all-polymer solar cells processed
from the non-halogenated solvent.
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