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ABSTRACT: The photoelectric characteristics of poly(3,4-ethyl-
enedioxythiophene):polystyrene sulfonate (PEDOT:PSS) films
significantly affect the power conversion efficiency and stability of
Si/PEDOT:PSS hybrid solar cells. In this paper, we investigated
PEDOT:PSS modification with alcohol ether solvents (dipropylene
glycol methyl ether (DPM) and propylene glycol phenyl ether
(PPH)). The reduction of PSS content and the transformation of the
PEDOT chain from benzene to a quinone structure in PEDOT:PSS
induced by doping with DPM or PPH are the reasons for the
improved conductivity of PEDOT:PSS films. DPM and PPH doping improves the quality of silicon with the PEDOT:PSS
heterojunction and silicon surface passivation, thereby reducing the surface recombination of charge carriers, which improves the
photovoltaic performance of Si/PEDOT:PSS solar cells. Comparing the power conversion performance (PCE) and air stability of
Si/PEDOT:PSS solar cells with DPM (13.24%), DPH (13.51%), ethylene glycol (EG, 13.07%), and dimethyl sulfoxide (DMSO,
12.62%), it is suggested that doping with DPM and DPH can replace DMSO and EG to enhance the performance of Si/
PEDOT:PSS solar cells. The EG and DMSO solvents not only have a certain toxicity to the human body but also are not
environmentally friendly. In comparison to DMSO and EG, DPM and DPH are more economical and environmentally friendly,
helping to reduce the manufacturing cost of Si/PEDOT:PSS solar cells and making them more conducive to their commercial
applications.

1. INTRODUCTION
The silicon-based hybrid solar cell is a novel variation derived
from traditional monocrystalline silicon-based solar cells. In
contrast to traditional crystalline silicon solar cells, the silicon-
based hybrid solar cell eliminates high-temperature junction
making and doping processes. It is characterized by a simple
preparation process, low cost, and potential mechanical
flexibility.1 This is due to the presence of the organic
conductive polymer material poly(3,4-ethylenedioxythiophe-
ne):polystyrene sulfonate. Therefore, in numerous studies on
silicon-organic/inorganic hybrid solar cells, the Si/PE-
DOT:PSS structure has emerged as the most researched
among silicon-based hybrid solar cells (HSCs). This is
attributed to its favorable characteristics, including good
electrical conductivity, light transmission, a straightforward
processing method, and adjustable color.2−9 Various ap-
proaches have been recently developed to enhance the
efficiency of Si/PEDOT:PSS HSCs by modifying the silicon
surface structure, leading to a maximum power conversion
efficiency (PCE) exceeding 17%.10,11 However, processing the
silicon surface results in higher manufacturing costs.
One of the key factors affecting the performance of Si/

PEDOT:PSS solar cells is the photoelectric characteristics of

the PEDOT:PSS film, as it plays a crucial role in the process of
forming PEDOT:PSS/Si heterojunctions and facilitating
charge transport with Si.12,13 In general, if the original
PEDOT:PSS is not doped, then the conductivity of the
dried film will be very poor, generally less than 1 S/cm
(PH1000). To improve their conductivity, researchers doped
by adding polar, nonpolar, or ionic cosolvents.3,5,14−16 For
example, Srivastava et al. recently reported enhancing the solar
cell and photoelectric performance of PEDOT:PSS using
methanol and 2-propanol alcohol-based solvents.3 Among the
doping modifications of PEDOT:PSS, ethylene glycol (EG)
and dimethyl sulfoxide (DMSO) are the most studied.17−23

For instance, Yu et al. used 0.2 wt % Triton X-100 doping in
the 5 wt % DMSO-doped PEDOT:PSS solution, and the
device exhibited the best performance, achieving a PCE of
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13.12%.18 Thomas and Leung reported that the hybrid solar
cell made on a planar Si substrate using the mixed cosolvent of
EG and methanol (MeOH)-engineered PEDOT:PSS film
shows a high efficiency exceeding 14.6%.23 Due to the high
dielectric constant and high boiling point of PEDOT:PSS, the
insulating PSS can be removed by weakening the interaction
between PEDOT and PSS.24−27 However, ethylene glycol
(EG)28−30 and dimethyl sulfoxide (DMSO)31,32 have certain
negative effects on human beings and the environment.
Alcohol ether solvents, such as dipropylene glycol methyl

ether (DPM)33 and propylene glycol phenyl ether (PPH),34

are widely used in the field of environmentally friendly water-
based coatings. DPM is a colorless, transparent liquid with a
faint ether taste. It possesses characteristics such as low
toxicity, low viscosity, low surface tension, good solubility, and
coupling ability, making it a preferred solvent for coatings and
dyes. PPH finds extensive use in automotive and automotive
repair coatings due to its nontoxic nature, good miscibility,
excellent bonding and coupling ability, and low surface tension.
Compared with DMSO and EG, DPM and PPH are more

environmentally friendly and cost-effective, contributing to the
commercialization of Si/PEDOT:PSS solar cells. However,
there has been limited research on the doping modification of
PEDOT:PSS by DPM or PPH. Therefore, studying the doping
modification of the organic layer PEDOT:PSS by DPM and
PPH holds a certain reference value and significance.
In this paper, we investigated the effects of DPM and PPH

doping on the microscopic morphology and photoelectric
properties of PEDOT:PSS films as well as the optimal
concentration of DPM and PPH-doped PEDOT:PSS films.
The reduction of the PSS content and the transformation of
the PEDOT chain from benzene to a quinone structure in
PEDOT:PSS induced by DPM or PPH doping are the reasons
for the improved conductivity of PEDOT:PSS films. Doping
with DPM and PPH not only increased the conductivity of the
original film (0.015 S/cm) to 746.27 S/cm (DPM) and 710.21
S/cm (PPH) but also improved the PCE of Si/PEDOT:PSS
solar cells from 0.74% to 13.24% (DPM) and 13.51% (PPH)
for the original solar cells. Modified PEDOT:PSS with DPM
and PPH can enhance junction formation and surface

Figure 1. SEM images of PEDOT:PSS films: (a, d) original, (b, e) doped with 6 wt % DPM, and (c, f) doped with 1.5 wt % PPH. AFM diagram of
the films: (g) original and (h) doped DPM or (i) PPH. (j) Contact angle images of different PEDOT:PSS films. (k) Contact angle comparison of
different PEDOT:PSS films (control, control + X-100, X-100 + DPM, and X-100 + PPH).
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passivation (reducing the surface recombination of charge
carriers) on the silicon surface. Additionally, we compared the
PCE of Si/PEDOT:PSS solar cells doped with DPM (13.24%),
PPH (13.51%), ethylene glycol (EG, 13.07%), and dimethyl
sulfoxide (DMSO, 12.62%). We concluded that the use of
DPM and PPH doping can replace the solvents DMSO and
EG, which are often used for doping modified PEDOT:PSS.
Compared with DMSO and EG, DPM and PPH are more
economical and environmentally friendly, helping to reduce
the manufacturing cost of Si/PEDOT:PSS solar cells and
making them more conducive to commercial applications.

2. RESULTS AND DISCUSSION
2.1. The Effect of DPM and PPH Doping on the

Microscopic Morphology of PEDOT:PSS Films. In the
Supporting Information, Figure S1a illustrates the structure
and working principle of typical Si/PEDOT:PSS HSCs. The
chemical structures of PEDOT:PSS, DPM, and PPH are
depicted in Figure S1b. The PEDOT:PSS film was prepared by
spin coating. To investigate the influence of microstructure
resulting from the doping of PEDOT:PSS films with different
solvents, we conducted a series of observations using scanning
electron microscopy (SEM), atomic force microscopy (AFM),
and a contact angle tester. PEDOT:PSS films doped with
various solvents were obtained through the spin coating
method (the preparation process is detailed in Figure S1c). We
explored the impact of different solvent doping on the
microstructure of PEDOT:PSS films through observations
conducted with scanning electron microscopy (SEM), atomic
force microscopy (AFM), and a contact angle tester. The
PEDOT:PSS films doped with different solvents were prepared
using the spin coating method. (The preparation process is
shown in Figure S1c.)
Figure 1a−f displays SEM images of the original

PEDOT:PSS films and DPM- or PPH-doped PEDOT:PSS
films. It is evident that the film contains free PSS (depicted as
white dots) and PEDOT:PSS complexes. The original film
(Figure 1a) exhibits relatively less PSS on the surface, while
doping with 6 wt % DPM (Figure 1b) and 1.5 wt % PPH
(Figure 1c) results in more PSS. The separation of the two
components is attributed to the solubility difference in the
system of two polymer additives and the differences in
evaporation rates between water and the additive-driven
process.35 High-boiling-point solvents such as DPM and
PPH serve as effective solvents for PSS. During the drying
process after spin coating, water evaporates rapidly, leading to
solid−liquid separation. In this process, the PEDOT:PSS
complex precipitates first, and free PSS is concentrated into the
remaining solution rich in additives. Continued drying ensures
that DPM or PPH solvents maintain the phase separation of
PEDOT from PSS on a smaller nanometer scale. Con-
sequently, the incorporation of DPM or PPH significantly
enhances the separation of PEDOT and PSS in the
PEDOT:PSS film. After spin coating, the PSS component is
expelled and floats on the surface of the film. Figures 1d−f
demonstrates that the spin-coated PEDOT:PSS film is uniform
and smooth as a whole. This uniformity is crucial in reducing
defects that can adversely affect film quality and the
performance of PEDOT:PSS/Si solar cell devices.
In addition, the morphological characteristics of the

PEDOT:PSS films were analyzed by atomic force microscopy
(AFM). The original PEDOT:PSS film exhibits a fairly smooth
and homogeneous surface with a root-mean-square roughness

(RMS) of 1.69 nm (Figure 1g). After doping with DPM or
PPH, the domain size increases and the film becomes coarser,
resulting in an increased RMS to 2.43 and 2.45 nm,
respectively. It is worth noting that the PPH-doped film
(Figure 1i) is slightly rougher than the DPM-doped film
(Figure 1h), possibly due to the steric hindrance of PPH
containing a benzene ring structure. In Figure S2, the bright
region corresponds to the hydrophobic conducting PEDOT
core, while the darker region (lower height) corresponds to the
hydrophilic insulating PSS.36,37 After doping, PEDOT:PSS
films show a better-connected PEDOT area, confirming the
phase separation between PEDOT and PSS. Therefore, the
addition of DPM or PPH induces nanoscale phase separation
characterized by the expansion of PEDOT domains and
enhanced interconnection between PEDOT phases, resulting
in an efficient hole transport pathway. Most of the charge
transport in PEDOT:PSS films is largely influenced by the
charge transport within the PEDOT chain, which is usually
faster.38 The conjugated structure of PEDOT serves two roles:
(1) it can extend the ordered structure region of PEDOT due
to the π−π interaction between loops, and (2) the conjugated
structure makes the charge transfer between PEDOT chains
easier.39 Therefore, this structural arrangement explains why
the conductivity of the PEDOT:PSS film increases sharply
after doping with DPM or PPH.
To investigate the influence of the microstructure of

PEDOT:PSS films on the doping with DPM and PPH, we
conducted contact angle (CA) tests. As shown in Figure 1j, the
original PEDOT:PSS dispersion is challenging to wet and
attach to the Si substrate with relatively low surface tension
due to the large surface tension, resulting in a contact angle
(CA) between the two of 87.85°. Consequently, such
dispersions cannot be spin-coated on silicon wafers without
the addition of surfactants. After the addition of Triton X-100,
the contact angle decreased to 34.36° and PEDOT:PSS was
easily spin-coated on the Si sheet. Following the addition of 6
wt % DPM and 1.5 wt % PPH, the contact angle continued to
decrease to 24.33° and 29.23°, respectively. This indicates that
the addition of the two solvents also reduces the surface
tension of the dispersed liquid system and improves the
wettability of PEDOT:PSS with respect to Si. This improve-
ment helps in forming a uniform and flat film after drying,
reducing electron−hole recombination and facilitating the
separation and transmission of charge carriers.40 The
comparison of the contact angle test results can be seen in
Figure 1k, where the contact angle was significantly reduced
after doping with DPM and PPH.
2.2. The Effect of DPM and PPH Doping on the

Photoelectric Properties of the PEDOT:PSS Film and the
Change of the PEDOT:PSS Structure. To explore how the
photoelectric properties of the PEDOT:PSS film change before
and after doping with DPM and PPH, we spin-coated
PEDOT:PSS predispersion liquid onto a 1.1 × 1.1 cm2 quartz
glass substrate. After annealing and drying, the substrate was
cooled to room temperature and a Ag electrode was deposited.
The conductivity (ρ) and charge carrier (hole) concentration
(n) of the PEDOT:PSS film were measured by using the Hall
test system and the four-probe method. The test results are
presented in Table S1. Here, M represents DPM, H represents
PPH, and the number after the letter represents the mass
percentage of PEDOT:PSS (for example, M2 represents DPM
added to 2 wt %). Before doping, the conductivity and carrier
concentration of the original PEDOT:PSS film were very low,

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09187
ACS Omega 2024, 9, 15040−15051

15042

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09187/suppl_file/ao3c09187_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


at 0.015 S/cm and 5.29 × 1019 cm−3, respectively. This is
attributed to the large amount of insulating PSS in the film,
leading to poor overall conductivity.

In Figure 2a,b, we can gain a more intuitive understanding of
the relationship among conductivity, carrier concentration, and
the concentration of DPM or PPH doping. After adding 2 wt

Figure 2. Conductivity and carrier concentration of (a) DPM-doped and (b) PPH-doped PEDOT:PSS films. (c) I−V curves of DPM 6 and PPH
1.5 were measured under dark conditions. (d) Absorbance of the full wavelengths of the original PEDOT:PSS films doped with DPM and PPH.

Figure 3. XPS test results: (a) S 2p and (b) survey of XPS; (c) peak area ratio of PSS to PEDOT for the PEDOT:PSS films: original and doped
with 6 wt % DPM and 1.5 wt % PPH.
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% to 8 wt % DPM or 0.5 wt % to 2 wt % PPH, the conductivity
and carrier concentration of PEDOT:PSS films improved to
varying degrees. When 6 wt % DPM was added, the
conductivity and carrier concentration of the film reached
peak values of 746.27 S/cm and 1.29 × 1021 cm−3, respectively.
Compared with the control sample (M0) without DPM, the

film’s conductivity and carrier concentration increased nearly
50,000 times and 24 times, respectively. However, with
continued DPM doping, the conductivity decreased to
609.76 S/cm, and the carrier concentration also decreased
by about an order of magnitude to 3.23 × 1020 cm−3. This
indicates that more DPM doping does not necessarily yield
better results, and excessive solvent can damage the film’s
integrity. The same trend is observed for PPH doping. When
the addition amount is 1.5 wt %, the conductivity and carrier
concentration reach peak values of 710.21 S/cm and 1.14 ×
1021 cm−3, respectively, and start to decrease significantly with
further addition. Therefore, we can conclude that the doping
with DPM or PPH increases the carrier concentration of the
PEDOT:PSS film, improves the film’s conductivity, and
enhances its overall performance. Additionally, the influence
of doping on the electrical conductivity was investigated, as
shown in Figure 2c. Higher electrical conductivity was
observed in DPM, consistent with the Hall test results.
Through UV−vis absorption spectra, light absorption of the

PEDOT:PSS film was detected, as shown in Figure 2d. It has
been reported that the strong peaks at low wavelengths (below
300 nm) originate from the absorption of benzene rings in
PSS,41 and the broad absorption bands in the visible and
infrared regions are related to free charge carriers in PEDOT.
The absorption characteristics around 900 nm are attributed to
the polaron absorption of PEDOT (PEDOT+), while the
absorption characteristics above 970 nm are from the polaron
absorption (PEDOT++). In Figure 2d, the peaks at 600, 900,
and 1100 nm are assigned to the neutral, polaron, and bipolar
states of PEDOT, respectively.39 As shown in Figure S3, the
absorption intensity below 300 nm becomes lower after

doping, indicating that PSS in the film is reduced after doping
with DPM or PPH. The absorption intensity above 900 nm
does not change much before and after doping, which means
that the polaron and bipolaron states of PEDOT do not
fluctuate much after DPM and PPH doping. Therefore, the
UV−visible near-infrared results show that carrier concen-
tration does not seem to be the main factor affecting the
conductivity increase of PEDOT:PSS films after DPM or PPH
doping, while the decrease in PSS is very important for the
improvement of film conductivity.
To verify the reduction of PSS content after doping with

DPM and PPH, X-ray photoelectron spectroscopy (XPS) was
used to study and analyze the changes in the surface
composition of the PEDOT:PSS films. As shown in Figure
3a, the fine spectrum of S 2p corresponds to the original and
doped PEDOT:PSS, and Figure 3b shows the full spectrum.
There is more than one peak signal in S 2p, which comes from
the thiophene ring (PEDOT) and the counteranion (PSS),
respectively, because they have different chemical environ-
ments. The blue part corresponds to the oxidation states of
PEDOT and PEDOT (PEDOT+). Due to some sulfonic acid
groups from PEDOT electronic PSS, the red part corresponds
to the charged PSS− and the neutral PSSH, which has a high
binding energy (from 166 to 171 eV) sulfur atom
corresponding to PSS and a lower binding energy (from 162
to 165 eV) sulfur atom corresponding to PEDOT.42

Therefore, by integrating each peak in S 2p, the ratio of the
peak area of PSS to PEDOT can be obtained, and then the
content ratio of PSS to PEDOT can be calculated. The ratio
between the two phases, after determining the integral area
peak, is shown in Figure 3c. Without doping of PEDOT:PSS
films, the PSS and PEDOT peak area ratio is about 2.26. In the
doping of PEDOT:PSS films, it reduces to 1.75 and 1.85,
respectively. Therefore, we can assume that due to the doping
with DPM or PPH, the Coulomb electrostatic interaction
between PEDOT and PSS weakens, promoting the phase
separation of the two polymers.43 In this process, it also leads

Figure 4. (a) Raman diagram of original PEDOT:PSS films; (b) partial Raman diagram of films: original and doped with 6 wt % DPM or 1.5 wt %
PPH; (c) transition of PEDOT from a benzoid structure to a quinoid structure.
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to the redistribution of PEDOT along the PSS chain,
facilitating the “release” of free PSS. This contributes to the
formation of more PEDOT-rich domains, enhancing the
conductivity of the PEDOT:PSS film.44 This result is mutually
confirmed by a previous conclusion.
The chemical structure changes of PEDOT:PSS films before

and after doping were characterized by Raman spectroscopy to
explore the mechanism of the enhanced conductivity of
PEDOT:PSS films caused by DPM or PPH doping. In Figure
4a, within the range from 440 to 1568 cm−1, there is a peak in
the undoped PEDOT:PSS film due to the carbon atom
vibration. The peak at 1426 cm−1 is attributed to the Cα-Cβ
symmetric tensile vibration in the quinone structure, and the
peak at 1435 cm−1 is attributed to the Cα-Cβ symmetric tensile
vibration in the PEDOT benzene structure. Additionally, there
is a corresponding Cα-Cβ asymmetric stretching mode at 1537
and 1568 cm−1.18,20

In Figure 4b, upon doping with 6 wt % DPM or 1.5 wt %
PPH, there is an obvious red shift of the peak from 1435 to
1426 cm−1. This shift indicates the transformation from the
benzene structure to the quinoid structure in the PEDOT
molecule, as suggested by the symmetry of PEDOT alpha Cα-
Cβ stretching vibration.

39 The extent of conversion from the

benzenoid structure to the quinoid structure is associated with
a significant increase in the positive charge density of PEDOT,
resulting in a broader peak at 1426 cm−1. Simultaneously, it is
observed that with the incorporation of DPM and PPH, the
ratio of the peak intensity at 1505 cm−1 to the peak intensity at
1426 cm−1 decreases, implying a reduction in the PEDOT
content with the benzene structure.18 Therefore, after the
doping with DPM or PPH, the linear quinone structures of
PEDOT increase.
Related studies have shown that PEDOT with a benzene

structure has poor conductivity and is prone to exist as a coil in
PEDOT:PSS films. However, PEDOT with a quinoid structure
is stretched into a linear or fibrous character, which is the
primary reason for its higher conductivity.20,41 As depicted in
Figure 4c, the benzene structure undergoes transformation to a
quinone structure. The conversion of a single bond to a double
bond makes it difficult to rotate the rings in PEDOT,
increasing the rigidity of PEDOT with a quinone structure
compared to the benzene structure. The enhancement of the
degree of π electron delocalization in the main chain of the
linear structure contributes to the increased electrical
conductivity of PEDOT:PSS films.45−47 The results of the
Raman analysis indicate that the transformation of the PEDOT

Figure 5. Schematic diagram of carrier transport in PEDOT:PSS films: (a) pristine and (b) doped with DPM or PPH.

Figure 6. J−V curves of solar cells doped with different solvents (different concentrations): (a) DPM and (b) PPH. (c) J−V curves of solar cells
doped with 6 wt % DPM, 1.5 wt % PPH, 5 wt % DMSO, and 7 wt % EG. Performance comparison of solar cells by doping with different solvents:
(d) PCE, (e) FF, and (f) Voc.
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chain from benzene to a quinone structure in PEDOT:PSS
induced by DPM or PPH doping is one of the reasons for the
improved conductivity of PEDOT:PSS films.
Figure 5 presents a more intuitive schematic illustration

explaining the significant increase in the conductivity of
PEDOT:PSS films after doping with DPM and PPH. As
depicted in Figure 5a, the conductive and hydrophobic
PEDOT is uniformly distributed inside the PEDOT:PSS
grain with the insulating and hydrophilic PSS surrounding the
exterior. In this structural configuration, the insulating PSS
reduces the film’s conductivity because the outer insulating
region hinders carrier transport.48 In Figure 5b, postdoping
with DPM or PPH results in the internal separation of the
PEDOT chain from the PSS chain. The PEDOT concentrated
inside the grain is radially and uniformly distributed from the
grain center, establishing a continuous conductive pathway.
This configuration enhances the overall conductivity of the
PEDOT:PSS film.
2.3. DPM and PPH Doping Improves the Performance

of Si/PEDOT:PSS Solar Cells. We investigated the effect of
doping with DPM or PPH on the performance of Si/
PEDOT:PSS solar cells. The size of the solar cells we prepared
is 1.1 × 1.1 cm2. Under standard solar illumination, the
performance parameters of DMSO, EG, and the original Si/
PEDOT:PSS solar cells with varying concentrations of DPM
and PPH are comprehensively presented in Table S2. The
corresponding J−V curves are depicted in Figure 6a−c. In
Table 1, we compare the PCE of Si/PEDOT:PSS solar cells
corresponding to the optimal doping amounts of different
solvents.

The PCE of the original solar cell is only 0.74%, with a
short-circuit current density (Jsc) of 4.59 mA/cm2, an open
circuit voltage (Voc) of 539 mV, and a fill factor (FF) of
30.38%. As concluded earlier, this is attributed to the low
conductivity of the original PEDOT:PSS film. Following the
doping with DPM and PPH, the PCE of the PEDOT:PSS/Si
solar cell significantly improved. However, the PCE of the
device is correlated with the doping concentration. In Figure
S4, after doping with DPM and PPH, Jsc, FF, Voc, and PCE
exhibit notable increases. The optimal performance is achieved
at 6 wt % DPM and 1.5 wt % PPH, after which these
parameters begin to decline. Specifically, for DPM doping, the
optimal performance includes Jsc = 31.87 mA/cm2, Voc = 654
mV, FF = 63.53%, and PCE = 13.24%. For PPH doping,
optimal performance is observed with Jsc = 32.28 mA/cm2, Voc
= 651 mV, FF = 64.27%, and PCE = 13.51%. The champion
efficiency, represented by PCE values, is recorded for each type
of solar cell in Figure S5, with 10 solar cell devices being used
for each type. The external quantum efficiency (EQE)
spectrum for Si/PEDOT:PSS solar cells with DPM and PPH
doping was measured (Figure S6), and the obtained short-
circuit current is consistent with our test results. The original

solar cell is not shown in the figure due to the inability to
obtain EQE. The factors contributing to the improvement of
these parameters are primarily determined by the structure of
PEDOT:PSS, the photoelectric properties of the films, and the
quality of the Si/PEDOT:PSS heterojunctions formed.
It should be noted that the effect of DPM and PPH doping

of PEDOT:PSS is superior to that with commonly used
DMSO and EG, where the solvents doped with PEDOT:PSS
are DMSO and EG. Table 1 provides a comparison of the PCE
of Si/PEDOT:PSS solar cells with different optimal doping
amounts of the solvents. It can be seen that the performance of
solar cells using DMSO- and EG-doped PEDOT:PSS is not
equal to that of DPM or PPH doping. The PCEs of solar cell
devices doped with DMSO and EG are only 12.62 and 13.07%,
respectively. The J−V curve of doping with four solvents is
illustrated in Figure 6c, with the intersection point between the
curve and the horizontal axis depicted in Figure S7. In Figure
6d−f, the optimal doping amount corresponding to PCE, FF,
and Voc is contrasted for the four doping solvents. DPM- or
PPH-doped solar cells exhibit a higher PCE due to increased
FF and Voc.
To investigate the reason for the significant increase in the

level of Voc before and after doping with DPM or PPH,
electrochemical impedance tests and dark current tests were
performed. Figure 7a displays the electrochemical impedance
spectroscopy (EIS) diagram of the Si/PEDOT:PSS solar cell,
both before and after doping with 6 wt % DPM and 1.5 wt %
PPH into the PEDOT:PSS film. The Nyquist diagram enables
the exploration of processes, such as material transfer, charge
transfer, and diffusion in the solar cell. It also allows the
calculation of resistance or capacitance values that affect the
solar cell system.49 Illustrations of the schematic circuit
simulation include series resistance (Rs), composite resistance
(RP), and composite capacitance equivalent (CPE) circuit
diagrams (Figure 7a).
For all Si/PEDOT:PSS solar cells (prepared under the same

conditions), the resistance values of the metal electrodes (Ag
electrodes on the front and Al electrodes on the back) and Si
sheets are expected to be the same. Rs mainly depends on the
conductive properties of the PEDOT:PSS layer, Ag/
PEDOT:PSS, and Si/PEDOT:PSS interfaces. As mentioned
above, PEDOT:PSS doped with DPM and PPH will alter the
Coulomb electrostatic interaction between PEDOT and PSS,
generate more conductive PEDOT chains, and form more
efficient Ag/PEDOT:PSS and PEDOT:PSS/Si contact inter-
faces, thereby reducing the resistance. As shown in Figure 7b,
the Rs of Si/PEDOT:PSS solar cells is reduced after doping
with DPM or PPH, corresponding to the increasing trend of
PCE in solar cells. Table S3 displays the fitted parameters. In
comparison with the original device, the Rs values for DPM or
PPH doping are 3.78, 4.47, and 4.96 Ohm, respectively. This
implies that the conductivity of PEDOT:PSS is improved, and
the contact resistance is reduced due to doping-enhanced
carrier separation and transport.50

Minority carrier lifetime (MCLT) represents the minimum
time for recombination of photogenerated charge carriers
(holes and electrons), directly influencing the quality, surface
properties, device processing, and design of silicon materials.51

Both the bulk and surface recombination of charge carriers
affect MCLT values. However, since the carrier lifetime caused
by the bulk component is much larger than the surface
component, the measured effective MCLT represents the
surface composite lifetime contributed by the two surfaces of

Table 1. Performance of Solar Cells by Doping with
Different Solvents

sample Voc (V) Jsc(mA/cm2) FF (%) PCE (%)

control 0.539 4.59 30.38 0.74
M 6 0.654 31.87 63.53 13.24
H 1.5 0.651 32.28 64.27 13.51
DMSO 0.649 31.21 62.31 12.62
EG 0.647 32.19 62.74 13.07
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the silicon wafer.52,53 The carrier life (τ) of the Si/
PEDOT:PSS solar cell is calculated according to the formula:
τ = Rp × CPE, where RP is the composite resistance and CPE is
the capacitive resistance.49 In all experiments, similar electronic
(doping type, density) and surface properties (thickness,
texture, surface defect status, etc.) of silicon wafers are utilized.
Table S3 displays the minority carrier lifetimes of the original
and after doping with DPM and PPH as 92.31, 459.86, and
320.43 μs, respectively. The comparison of the minority carrier
lifetime of the original and after doping with the optimal
concentration of DPM and PPH is shown in Figure 7c.
During the formation of heterojunctions at the PE-

DOT:PSS/Si interface, the strong electric field generated
may lead to an increase in the density of holes (minority
carriers) near the Si surface, resulting in the formation of an
inverted layer (where the hole concentration may be higher
than that of electrons in the bulk silicon wafer). Consequently,
a stronger electric field leads to a lower electron density near
the Si surface, resulting in a higher MCLT value. In simpler
terms, higher MCLT values indicate a more pronounced
PEDOT:PSS/Si interface, generating a larger electric field.
MCLT measurements also confirmed that PEDOT:PSS can
passivate the textured Si surface state. After addition of DPM
or PPH, MCLT values of PEDOT:PSS films increase,
indicating a significant reduction in surface defects after
doping. Additionally, the analysis of MCLT reveals that
heterojunctions with good structural quality are formed at the
Si/PEDOT:PSS interface, inhibiting the recombination of
minority carriers.11,54

Composite resistance (RP) is a key factor in PEDOT:PSS/Si
solar cells, as it can be used to analyze carrier loss.50 The low
recombination obviously provides a longer charge carrier
lifetime. As shown in Figure 7c, the RP of solar cells doped with

6 wt % DPM or 1.5 wt % PPH changes from 4822 Ω to 8860
Ω and 5871 Ω compared to the original. The strong inversion
effect resulted in a relatively high CPE, which changed from
191.44 nF to 519.03 nF and 545.79 nF.
The improvement in Voc can be verified by the dark J−V

characteristics. The dark-state J−V curves of Si/PEDOT:PSS
solar cells doped with DPM and PPH at different
concentrations are shown in Figure 7d,e. A higher photo-
current and dark current density ratio (Jsc/J0) can result in a
higher Voc. This relation for Voc is given by the two equations,

= +( )V ln 1KT
q

J

Joc
sc

0
and =

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ( )J V J( ) exp 1qV

nkTdark 0 , where

q is the electron charge, K is Boltzmann’s constant, n is the
ideality factor, and T is the temperature.55 Hence, the increase
in Voc is attributed to the increase in the concentration of Jsc/J0.
Therefore, with DPM 6 and PPH 1.5 doping, PEDOT:PSS
obtains a higher Jsc/J0, resulting in the highest Voc for Si/
PEDOT:PSS HSCs at 654 and 651 mV.
The Si/PEDOT:PSS solar cells have the smallest J0 when

the concentrations of doped DPM and PPH are 6 and 1.5 wt
%, respectively, corresponding to Voc of 654 and 651 mV,
respectively. Meanwhile, the PCEs of solar cell devices reach
13.24 and 13.51%, respectively. The dark-state J−V curve
shows that a higher concentration of doping will lead to a
larger leakage flow of solar cells. This may be because a higher
concentration of DPM or PPH doping will worsen the quality
of the PEDOT:PSS film and increase internal defects.56 The
original PEDOT:PSS thin film solar cell, due to the presence of
more recombination centers, leads to more complex loss and
therefore shows a low Voc. The high Voc obtained after doping
with DPM and PPH indicates that doping improves junction
formation and surface passivation (reducing the surface

Figure 7. (a) EIS and (b) series resistance (Rs) of the Si/PEDOT:PSS solar cells: original and doped with 6 wt % DPM or 1.5 wt % PPH. (c) The
composite resistor and MCLT were obtained by fitting of the original solar cells and solar cells doped with 6 wt % DPM or 1.5 wt % PPH. Dark J−
V curves of the PEDOT:PSS/Si solar cell by doping with (d) DPM and (e) PPH. (f) Stability test of original solar devices and solar devices doped
with 6 wt % DPM or 1.5 wt % PPH in an air environment (the temperature is 22 °C, and the humidity is 50%).
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recombination of charge carriers) on the silicon surface. This is
consistent with the results of the previous EIS analysis.
In addition, we also conducted an air stability exploration of

Si/PEDOT:PSS solar cells doped with DPM, PPH, DMSO,
and EG and original solar cells, as shown in Figure 7g. The five
groups of solar cell devices were placed in an air environment
with a temperature of 22.0 °C and a humidity of 50%. After 72
h, the PCE of the original (control) solar cell devices dropped
to 54% of the initial value. However, the PCEs of solar cell
devices doped with DPM, PPH, DMSO, and EG were 74, 76,
72, and 69% of the initial value, respectively, after 72 h. This
indicates that the air stability of the solar cell device can be
significantly improved after doping and suggests that the solar
cell device doped with DPM and PPH is comparable to that of
the device doped with DMSO and EG.
2.4. Discussion. The performance of solar cells is not only

related to the quality of silicon wafers but also related to the
photoelectric performance of the PEDOT:PSS film. The
original PEDOT:PSS films showed poor photoelectric
performance, such as low conductivity, carrier concentration,
and poor infiltration with silicon wafers. The photoelectric
performance of PEDOT:PSS films doped with DPM or PPH
was greatly improved. It would make a significant contribution
to the PCE of solar cells. The PCE of Si/PEDOT:PSS solar
cells was from 0.74% to 13.24% (DPM) and 13.51% (PPH).
To obtain solar cells with a higher PCE, we can also use
alkaline or acidic solutions for etching on silicon wafers to
obtain nanostructures, such as pyramids or nanowires. By
reduction of the reflection of light, the PCE of solar cells can
further improve.

3. CONCLUSIONS
We investigated the effects of DPM and PPH doping on the
microscopic morphology and photoelectric properties of
PEDOT:PSS films as well as the optimal concentration of
DPM- and DPH-doped PEDOT:PSS films. The reduction of
PSS content and the transformation of the PEDOT chain from
benzene to a quinone structure in PEDOT:PSS induced by
DPM or PPH doping are the reasons for the improved
conductivity of PEDOT:PSS films. Doping with DPM and
DPH not only increased the conductivity of the original film
(0.015 S/cm) to 746.27 S/cm (DPM) and 710.21 S/cm
(PPH) but also improved the PCE of Si/PEDOT:PSS solar
cells from 0.74% to 13.24% (DPM) and 13.51% (PPH).
Modified PEDOT:PSS with DPM and PPH can improve
junction formation and surface passivation, reducing the
surface recombination of charge carriers on the silicon surface.
Additionally, the air stability and PCE of Si/PEDOT:PSS solar
cells doped with DPM (13.24%), DPH (13.51%), ethylene
glycol (EG, 13.07%), and dimethyl sulfoxide (DMSO, 12.62%)
were compared. We concluded that the use of DPM and DPH
doping can replace the solvents DMSO and EG, often used in
doping modified PEDOT:PSS. Compared to DMSO and EG,
DPM and DPH are more economical and environmentally
friendly, helping to reduce the manufacturing cost of Si/
PEDOT:PSS solar cells and making them more conducive to
commercial applications.

4. EXPERIMENTAL SECTION
4.1. Methods and Materials. Dipropylene glycol methyl

ether (C7H16O3, DPM, 99%, BR, Macklin), propylene glycol
phenyl ether (C9H12O2, PPH, >98%, Guangdong Runhong

Chemical), dimethyl sulfoxide (DMSO, 99.9%, Aladdin),
ethylene glycol (EG, 99.9%, Aladdin), Triton X-100 (Sigma-
Aldrich), PEDOT:PSS (Clevis PH1000), and n-Si (resistivity,
0.05−0.1 Ω cm; orientation, ⟨100⟩; one-side polished;
thickness of 300 ± 10 μm; Suzhou Research Materials
Microtech Co., Ltd.) were used in this study.
4.2. Fabrication of Si/PEDOT:PSS Solar Cells.

4.2.1. Preparation of the PEDOT:PSS Predispersion Solution.
PEDOT:PSS is a liquid. On the clean experimental glass
bottles, they are labeled successively with labels M0 (control,
original), M2, M4, M6, M8, H0.5, H1, H1.5, and H2 (M
stands for DPM, H stands for PPH, and the number after the
letter indicates the mass percentage of PEDOT:PSS; for
example, M2 represents 2 wt % DPM added). PEDOT:PSS
dispersions were weighed 1 g each time using an electronic
balance and added to the above glass bottles, and then DPM
(0.02 to 0.08 g) and PPH (0.005 to 0.02 g) were weighed in
turn. Original and DMSO- and EG-doped samples were set as
the control group. PEDOT:PSS was mixed with 5 wt % DMSO
and 7 wt % EG and added to each glass bottle. Triton X-100
(0.002 g) was continued to weigh each time and added in turn,
and then the mixture was put and moved to the magnetic
stirrers. The mixture was stirred at 300 rpm for 10 h at room
temperature before use.

4.2.2. Cleaning of Si Slices. The larger Si slices were cut
into several 1.1 × 1.1 cm2 squares and sonicated with acetone
and absolute ethanol for 15 min in turn. The purpose was to
clean and remove the organic matter attached to the Si surface.
Then, ultrasonication was performed twice with deionized
water for 5 min each time. Then, the Si sheet was transferred
to a dilute solution of 10% hydrofluoric acid (HF), and the
immersion time was 180s. Then, the Si sheet was sonicated
with deionized water twice and once for 5 min. After this step
of cleaning, the natural oxides on the Si surface were removed.
Finally, the deionized water was sonicated twice and sealed
with absolute ethanol solution until use.

4.2.3. Spin-Coating the Predispersion of PEDOT:PSS on Si.
The cleaned Si slices were blown dry with N2, and the
PEDOT:PSS predispersion was coated on the Si slices using a
spin-coating instrument in a glovebox at a rotation speed of
2500 rpm (spin-coating time of 55 s) and annealed at 130 °C
for 15 min.

4.2.4. Preparation of Electrodes. A 180 nm-thick Ag top
electrode and 55 nm-thick Al back electrode were deposited at
0.2 and 0.1 nm/s at a vacuum of 5 × 10−4 Pa by thermal
evaporation of high-purity metal using a high vacuum coating
instrument.
4.3. Test of Si/PEDOT:PSS Solar Cells. The size of the

solar cells we prepared is 1.1 × 1.1 cm2. A solar simulator (AM
1.5) with an intensity of 100 mW/cm2 was used to imitate
natural sun illumination and assess the current density−voltage
(J−V) relationship.
4.4. Characterization. The surface morphology of the

PEDOT:PSS thin films was measured by scanning electron
microscopy (SEM, Nova Nano SEM 450) and atomic force
microscopy (AFM, SPI-3800). The contact angle was
measured by SINDIN SDC-200S (Dongguan Shengding
Precision). The electrical characteristic parameters (conduc-
tivity and carrier concentration of different modified
PEDOT:PSS films) were obtained through the Hall effect
test (ET900 Hall effect test system). Absorbance and
transmittance were measured by a UV−vis spectrophotometer
(UV 2600). The valence state of PEDOT:PSS thin films was
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determined by X-ray photoelectron spectroscopy (XPS, K-
Alpha+). Raman spectra were measured by a Raman
spectrometer (LabRAM HR, Horiba of Japan). Electro-
chemical impedance spectroscopy (EIS) was performed using
an electrochemical workstation (CHI660E, Shanghai Chen
Hua). EIS was carried out at room temperature in a frequency
range of 1 Hz to 1 MHz with an AC amplitude of 10 mV. The
solar simulator (AM 1.5) with an intensity of 100 mW/cm2
was used to imitate natural sun illumination and assess the
current density−voltage (J−V) relationship (using the Zolix
solar test equipment, Keithley 2400 Source Meter). The
quantum efficiency measurement system (ZolixSCS150) was
employed for external quantum efficiency (EQE). The test was
performed using a xenon light source with a wavelength range
of 300−1100 nm. Partial equipment details can be found in the
Advanced Analysis and Measurement Center of Yunnan
University.
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