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a b s t r a c t

Silicon (Si) hybrid solar cells have advantages of solution manufacturing process and the potential for
achieving low-cost fabrication compared to crystalline Si solar cells. However, the functional layer pre-
pared by solution method usually absorbs water molecules from the air, posing a challenge to the sta-
bility of the device. Here, a PEDOT derivative, PEDOT:A, was in situ prepared through the introduction of a
fluoropolymer, yielding a strongly hydrophobic film that was assembled into a PEDOT:A/Si hybrid solar
cell. The PEDOT:A/Si hybrid solar cells retained 90% of its initial performance after storage in the air for
300 h, while PEDOT:PSS only retained 60% with identical device structure. Meanwhile, first principles
calculations indicate that the binding energy between fluoropolymer and water molecule was 3.48 kJ/
mol, whereas the binding energy between PSS and water molecule was �5.76 kJ/mol. Benefiting from the
weak interaction between fluoropolymer and water molecule, the contact angle of water on PEDOT:A
filmwas 100.84�. After optimization, PEDOT:A/Si hybrid solar cells with ITO achieved a power conversion
efficiency of 6.43%, retained 97% of its initial efficiency after testing under same conditions. The devel-
opment of air-stable hybrid device technology is promising in opening up practical applications of low-
cost Si based solar cells.
© 2024 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Silicon (Si) hybrid solar cells are typically fabricated by spin-
coating functional materials on the Si surface [1e3]. The fabrica-
tion process of crystalline silicon (Si) solar cells usually requires the
support of capital-intensive equipment and involves high temper-
ature and complex depositing processes. Therefore, it has the
merits of solution manufacturing process and the potential for
achieving low-cost fabrication [4e8] compared to crystalline Si
solar cells. Furthermore, through the optimization of functional
layers, the efficiency of Si hybrid solar cells [9e15] has gradually
approached the levels of crystalline Si solar cells. Among a wide
range of functional materials, PEDOT has become a desirable
eramic Society.
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candidate for achieving various functions in the fields of photo-
voltaics [16e19], quantum dot light emitting diodes (QLEDs)
[20,21], and energy storage [22,23] due to its good electric con-
ductivity, thermal stability, and high transmittance. However,
electrochemical polymerization makes it challenging for PEDOT to
form film on non-conductive substrates. Due to solubility limita-
tions [24,25], adopting chemical oxidative polymerization is also
arduous for forming PEDOT films on diverse substrates, which
further restricts its widespread application. Fortunately, a uni-
formly dispersed aqueous solution of PEDOT can be prepared with
the use of water-soluble polystyrene sulfonic acid (PSS) as a tem-
plate [26]. This enables PEDOT to achieve film formation on
different substrates through spin-coating or other methods, so that
it can better meet the requirements of solution process.

Despite a uniformly dispersed PEDOT solution was achieved by
using PSS as a template, after film formation, the hygroscopic na-
ture of PSS components still impairs the stability of Si hybrid solar
cells in the air. By spin-coating PEDOT:PSS solution on the Si surface
amic Society. This is an open access article under the CC BY-NC-ND license (http://
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to construct hybrid solar cells andmonitoring the changes in device
performance under different humidity environments. It was found
that the continuous degradation of device performance was mainly
caused by water molecules in the air [27]. Using 2,20,7,70-tetrakis
(N,N-di-4-methoxyphenylamino) 9,90-spirobifluorene (Spiro-
OMeTAD) can also construct Si hybrid solar cells, but, in order to
improve the efficiency of devices, PEDOT:PSS film was spin-coated
on Spiro-OMeTAD layer [28]. Meanwhile, it was also discovered
that the performance of the device in the air decays more severely
compared to a dry atmosphere. Therefore, to mitigate the damage
to the stability of Si hybrid solar cells caused by the hygroscopic
nature of PSS components in PEDOT:PSS film, a lot of research has
been carried out. After spin-coating a water-insoluble diethyl
phthalate (DEP) on PEDOT:PSS film, the PCE of the device retains
90% of its initial efficiency after storage in the air for 300 h [9].
Thermal evaporation of copper iodide (CuI) on PEDOT:PSS film can
also retain 65% of the initial efficiency of the device after storage for
300 h in the air [29]. The stability of Si hybrid solar cells can also be
enhanced by improving the hydrophobicity of PEDOT:PSS film via
rational doping of PEDOT:PSS solution. Isobutyltriethoxysilane
(IBTEO) was selected as an additive to be added in PEDOT:PSS so-
lution for constructing Si hybrid heterojunction solar cells. It was
detected that after storage in the air for 300 h, the PCE of the device
retained 78% of its initial efficiency [14]. By doping waterborne
acrylic resin (WA) in PEDOT:PSS solution, the device retained more
than 80% of its initial efficiency after storage for 200 h in the air
[30]. In addition, developing other functional materials to replace
PEDOT:PSS film is also a method for constructing stable Si hybrid
solar cells. TED-Li was investigated by drop-coated it on Si-nanotips
to construct nanostructure Si hybrid solar cells, which retained 90%
of its initial efficiency for nearly a month of air stability monitoring
[31]. The aforementioned studies indicate that appropriate surface
treatments and the utilization of additives can attenuate the effect
of water molecules in the air on PEDOT:PSS film, thus improving
the stability of the device. On the other hand, designing new ma-
terial to substitute for PEDOT:PSS film also represents a valid way
for constructing stable Si hybrid solar cells. Although PSS can be
used to disperse PEDOT, the resulting films are not hydrophobic.
Despite this, research on dispersing PEDOT without the use of PSS
and preparing hydrophobic films to construct stable Si hybrid solar
cells remains neglected.

In this work, a PEDOT derivative, PEDOT:A, was prepared
through the introduction of a fluoropolymer. The PEDOT:A film
shows strongly hydrophobic and PEDOT:A/Si hybrid solar cells
were constructed through PEDOT:A film. The PEDOT:A/Si hybrid
solar cells retained 90% of its initial efficiency after storage in the air
for 300 h compared to 60% of PEDOT:PSS, under identical condi-
tions. Further, first principles calculations suggest that the weak
interaction between fluoropolymer and water molecule results in
the contact angle of water on PEDOT:A film exceeding 100�, making
it more stable in water for a long time. Meanwhile, with the opti-
mization of ITO, the PEDOT:A/Si hybrid solar cells achieved a power
conversion efficiency (PCE) of 6.43%.

2. Experimental section

2.1. Materials

EDOT and FeCl3 were purchased from Acros and aladdin. Aqui-
vion D98 and Dialysis membranes (500 Da) were bought from
Beijing Apsilon and Yobios. PEDOT:PSS solution is Clevios PH1000
of Heraeus. Triton® X-100 (TX-100) and Ethylene glycol, 99%, were
purchased from Alfa and Innochem. Radial (100) polished single-
side n-Si wafer was purchased from Tianjin Upward Technology
Development Co., Ltd with a resistivity of 2e4 U,cm and a
2

thickness of 500 mm.

2.2. PEDOT:A solution synthesis process

Firstly, 0.38 mmol EDOT and 0.21 mmol Aquivion, and 15 mL
water were mixed and stirred for 2 h. Next, 0.75 mmol FeCl3 was
added to the above solution and stirred for 24 h to oxidize EDOT to
PEDOT. Thirdly, the dark blue solution was transferred to the dial-
ysis membrane for purification. Then, the dark blue solution was
collected and centrifugation. Finally, the product was collected and
mixed with ethanol by shear force and used ultrasonic cell crusher
for 6 h.

2.3. PEDOT:A/Si hybrid solar cell fabrication

The Si wafer was cut into 1 cm � 1 cm by a laser dicing machine.
And then the Si wafer was cleaned in acetone, ethanol and deion-
ized (DI) water for 10 min each, and dry the Si wafer with nitrogen.
After the cleaning process, the 5% hydrofluoric acid was used to
remove the native oxide layer on the Si surface and then cleaned
with DI water. Ethylene glycol (EG) was added into PEDOT:A solu-
tion and the ratio by volume of EG and PEDOT:A was 1:30 and
stirred adequately. The PEDOT:A solution was spin-coated on Si
wafer by 7000 r/min and annealed at 120 �C for 15min, and ITOwas
sputtered on PEDOT:A film about 70 nm. The 0.25% (in mass) TX-
100 was mixed with PEDOT:PSS solution, and stirred adequately.
Ag electrode was deposited onto the PEDOT:PSS and PEDOT:A film
through a shadow mask by magnetron sputtering with a thickness
of 200 nm. An Ag film was prepared as rear electrode with a
thickness of 100 nm. Finally, the cell was cut into 0.5 cm � 0.5 cm
for testing.

2.4. Characterization

The solar simulator (Keithley 2400, AM 1.5G, 100 mW/cm2) was
used to test the current density and voltage (JeV) characteristics.
The morphology of PEDOT:A film was characterized by Hitachi
SU8100 cold field Scanning Electron Microscopy (SEM). Raman
spectra of PEDOT:A film and PEDOT:PSS film was tested on Si
substrate. X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet
Photoelectron Spectroscopy (UPS) were used to measure the op-
toelectronic information of PEDOT:A films. The optical properties of
PEDOT:A film on ITOwere obtained by UV2600i. Conductive AFM of
PEDOT:A and PEDOT:PSS film was performed by atomic force mi-
croscopy (AFM). The reflectivity spectra were detected by Enli
technology QE-R test system.

2.5. Calculate method

To assess the binding energies between Aquivion, PSS, Nafion,
and water molecule, we streamline the interactions where a water
molecule binds with Aquivion, PSS, and Nafion featuring a simpli-
fied short chain backbone (m ¼ 1, n ¼ 1). For Aquivion and Nafion,
the water molecule was positioned adjacent to the CeF2 back-
bond; for PSS, it was placed near the SO3H� fragment. All density
functional theory (DFT) calculations are performed using Gaussian
16 suite of programs.

3. Results and discussion

3.1. Indication for the synthesis of PEDOT:A polymer

At the beginning, to verify the successful polymerization of
PEDOT derivative, PEDOT:A, the Raman spectra of PEDOT:A and
PEDOT:PSS film was presented in Fig. 1a. After comparing the
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spectrum of PEDOT:A filmwith that of PEDOT:PSS film, it was found
that they closely resemble each other, indicating that the two
materials were nearly identical. The peaks at 438, 576 cm�1, and
986 cm�1 are associated with the deformation of oxyethylene ring.
The peaks at 696, 854 cm�1, and 1101 cm�1 are in connection with
symmetric CeSeC and CeOeC stretching [32]. The peaks at 1259,
1366 cm�1, and 1433 cm�1 correspond to the CaeCa, CbeCb, and
Ca ¼ Cb stretching vibrations, respectively [33,34]. Meanwhile,
surface chemical analysis of PEDOT:A film was performed by XPS.
As shown in Fig. 1b, the spectra are dominated by the signals of
sulfur, carbon, oxygen, and fluorine. The S 2p and F 1s core level
spectra of PEDOT:A film was also shown in Fig. 1c and d. The
binding energy of 168.8 eV can be ascribed to the sulfonate groups
of fluoropolymer-Aquivion. The binding energy of 688.8 eV corre-
sponds to fluorine, which also belongs to fluoropolymer-Aquivion.
The sulfur atoms of the thiophene moiety in the PEDOT show
double peaks at lower binding energies of 164 eV and 165.1 eV,
respectively [35,36]. These characteristic response peaks indicate
the successful polymerization of PEDOT:A.

3.2. Properties of PEDOT:A solution and film

When constructing Si hybrid devices directly through spin-
coating or other solution methods, the selected functional mate-
rials should meet the following criteria. Firstly, they should be able
to form film uniformly on the Si surface with good transmittance.
Additionally, the band position needs to be compatible with Si to
ensure the smooth transport of carriers. Thus, the contact angle of
PEDOT:A solution and surface morphology images of PEDOT:A film
on different substrates were shown in Fig. 2. Firstly, the contact
angle of PEDOT:A solution and PEDOT:PSS solution on the Si surface
was tested, as shown in Fig. 2ae2b. It can be observed that the
Fig. 1. Raman and XPS spectra of PEDOT:A film. (a) Raman spectra of PEDOT:A and PEDOT
spectra of PEDOT:A film.

3

contact angle of PEDOT:Awithout any surfactant added was 16.47�,
which was lower than 76.4� of PEDOT:PSS. On the contrary, for
PEDOT:PSS, in order to form film on the Si surface by spin-coating,
surfactants are typically required. Therefore, the TX-100 was added
to PEDOT:PSS solution to enhance its wettability on the Si surface.
In Fig. S1a, the contact angle of PEDOT:PSS with TX-100 was 37.61�,
which is still larger than PEDOT:A. The main reason for this dif-
ference is the PEDOT:A was dispersed in ethanol, but the
PEDOT:PSS is a water-dispersed solution. To further demonstrate
the good wettability and film formation properties of PEDOT:A
solution, the contact angle and surface morphology images on
transparent conductive substrates were also presented. In Fig. 2d
and e, the contact angles of PEDOT:A solution on UV-treated and
non-treated FTO substrates were 9.04� and 18.36�, respectively. The
contact angles of PEDOT:A solution on UV-treated and non-treated
ITO substrates also showed a similar trend, in Fig. 2ge2h, and the
value of contact angle statistical chart was shown in Fig. 2j. The
surface morphology images of PEDOT:A film on different substrates
including Si, FTO, and ITO were also displayed in Fig. 2c, f, and
Fig. 2i, exhibiting a uniform surface. In order to construct devices,
EGwas added to the PEDOT:A solution, and the contact angle on the
Si surface was 13.46�, as shown in Fig. S1b, slightly lower than the
intrinsic solution. The surface morphology image of PEDOT:A film
was also shown in Fig. S2, and there was no obvious change in
surface morphology after adding EG. Based on these requirements,
the transmittance of PEDOT:A filmwas also shown in Fig. S3a. It can
be seen that the PEDOT:A film maintains a transmittance of more
than 80%.

3.3. Construction and performance of PEDOT:A/Si hybrid solar cells

In addition, the band position was further performed, after
:PSS film. (b) Wide scan XPS analysis of PEDOT:A film. (c) S 2p and (d) F 1s core level



Fig. 2. Contact angle images and surface scanning electron microscope (SEM) images of different solution and PEDOT:A film on different substrates. (a) Contact angle image of
PEDOT:A solution on the Si surface. (b) Contact angle image of PEDOT:PSS solution on the Si surface. (c) Surface scanning electron microscope (SEM) image of PEDOT:A film on the Si
surface. (d) Contact angle image of PEDOT:A solution on UV-treated FTO surface and (e) not-treated FTO surface. (f) Surface scanning electron microscope (SEM) image of PEDOT:A
film on FTO surface. (g) Contact angle image of PEDOT:A solution on UV-treated ITO surface and (h) not-treated ITO surface. (i) Surface scanning electron microscope (SEM) image of
PEDOT:A film on ITO surface. (j) The value of contact angle statistical chart with different solution on different substrate surface.
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obtaining the original data from UPS, calibrating, coordinating,
transforming, and then calculating by formula (1),

F¼ hv�
�
ECutoff � EFermi

�
(1)

where F is work function, hn is incident photon energy, here is
21.2 eV, ECutoff is the cut-off edge, and EFermi is the Fermi level after
calibration. The values of VBM, WF, and bandgap (Eg) of PEDOT:A
filmwere 0.35, 4.8 eV, and 1.93 eV, respectively, and were obtained
from Fig. 3a and Fig. S3b of the UPS and absorbance spectrum. It can
also be calculated that the conduction band (EC) of PEDOT:A film is
3.22 eV, which was obtained from the formula of EC¼WF

(F) þ VBMeEg. Furthermore, the valence band (EV) was also
calculated as 5.15 eV according to the above results in Fig. 3b. It can
be derived that, the band position of PEDOT:A film is compatible
with Si, which can facilitate carrier transport from Si to PEDOT:A
film. Based on the aforementioned results, the PEDOT:A film is
4

suitable for constructing Si hybrid devices. Moreover, the devices
were fabricated for the first time, the reflectivity of PEDOT:A/Si
device was not much different from PEDOT:PSS/Si device in Fig. S4.
Achieving an efficiency of 4.62% with a film thickness of 71 nm in
Fig. 3c and Fig. S5. The encouraging aspect is that the storage sta-
bility of PEDOT:A/Si hybrid solar cells in the air (10%e20% humid-
ity) was superior to that of devices fabricated by PEDOT:PSS,
particularly during the initial 50 h in Fig. 3d. Moreover, after storage
in the air for 300 h, the PEDOT:A/Si hybrid solar cells retained 90%
of their original efficiency, whereas PEDOT:PSS only retained 60% as
shown in Table 1 and Table S1. At the same time, the initial per-
formance of PEDOT:PSS device was also shown in Fig. S6. The
specific reasons resulting in variations in the stability of different
devices were also further discussed in Fig. 4.

To further elaborate on the reasons for the stable performance of
PEDOT:A/Si solar cells compared to PEDOT:PSS/Si solar cells, first
principles calculations were used to demonstrate the binding



Fig. 3. The photoelectron spectroscopy and schematic diagram of energy level position and performance data of PEDOT:A/Si hybrid solar cells. (a) Ultraviolet photoelectron
spectroscopy (UPS) spectra of PEDOT:A film after coordinate change. (b) The schematic diagram for calculating the energy level position of PEDOT:A film according to UPS spectra
and absorbance spectrum. (c) Current densityevoltage curve of PEDOT:A/Si hybrid solar cells. (d) Normalized PCE varied with time for PEDOT:A/Si hybrid solar cells and PEDOT:PSS/
Si hybrid solar cells stored in the air.

Table 1
Electrical output parameters of PEDOT:A/Si solar cells.

JSC (mA/cm2) VOC (V) FF (%) PCE (%)

PEDOT:A 15.86 (15.95 ± 0.41) 0.546 (0.55 ± 0.005) 53.35 (53.04 ± 0.87) 4.62 (4.65 ± 0.08)
PEDOT:A-300h 16.57 (16.13 ± 0.89) 0.532 (0.546 ± 0.008) 47.1 (47.7 ± 0.64) 4.15 (4.27 ± 0.13)

*The statistical data are from five sets of solar cell data.
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energy between the fluoropolymer-Aquivion, PSS, and water
molecule. Because, in the polymerization process of PEDOT deriv-
ative, Aquivion or PSS serves as a template that enables the suc-
cessful dispersion of the resulting polymers. The chemical
structures of Aquivion and PSS were shown in Figs. S7ae7b,
meanwhile the binding energy between the fluoropolymer-
Aquivion, PSS, and water molecule was also shown in Fig. 4be4c.
It was discovered the binding energy between the fluoropolymer-
Aquivion, PSS, and water molecule was 3.48 kJ/mol and �5.76 kJ/
mol, respectively. Compared to PSS, the interaction between the
fluoropolymer-Aquivion and water molecule is weaker, making it
difficult for PEDOT:A film to bind with watermolecules. Conversely,
the strong interaction between PSS and water molecule facilitates
the binding of PEDOT:PSS film with water molecules. In addition,
the binding energy between fluoropolymer-Nafion, which has the
same structure as Aquivion but a different chain length, was also
shown in Figs. S7ced. The binding energy was �4.69 kJ/mol, which
also demonstrated that the interaction between the fluoropolymer-
Nafion and water molecule was weaker compared to the interac-
tion between PSS and water molecule. Thus, it can be inferred that
the CF2 chains contribute to the low hygroscopicity of the PEDOT:A
film. It also can be vividly described in Fig. 4a, when fluoropolymer-
Aquivion was introduced to prepare PEDOT:A film, the film seem-
ingly transforms to an umbrella woven by CF2 chains, effectively
shielding the film from the erosion of water molecules. Thus, the
degradation of device performance caused by moisture in the air
5

was significantly reduced.
For PEDOT:PSS film, it is easy to combine with water molecules,

which results in degradation of device performance. To further
verify the hydrophobicity of PEDOT:A film, the contact angle of
water on the film was shown in Fig. 4d. The contact angle of water
on PEDOT:A film was 100.84�, but the contact angle of water on
PEDOT:PSS filmwas only 38.04� in Fig. 4e. It was suggested that the
hydrophobicity of PEDOT:A film was better than PEDOT:PSS film.
The contact angle of water on EG-PEDOT:A film was also nearly
100� in Fig. S8, which demonstrates that the hydrophobicity of
PEDOT:A film was not influenced after the addition of EG. Sur-
prisingly, when the PEDOT:A film was immersed in water, it
remained stable for six days, and even two months, without any
decomposition phenomenon in Fig. 4f and Fig. S9. In contrast, when
PEDOT:PSS film was immersed in water, it initially disintegrated
from the edges and the disintegration proceeded significantly over
time. Finally, the filmwas separated from the substrate surface after
6 min in Fig. 4g. Apart from that, in Figs. S10aee, the glass and the
glass with PEDOT:A film was placed above hot water (67 �C). It was
found that, from 0 to 90 s, the blank glass became increasingly
blurred due to the continuous coverage of water vapor, whereas the
glass coated with PEDOT:A film maintained its clarity throughout.
The above results validate the conclusions of the first principles
calculations and indicate the excellent hydrophobicity of PEDOT:A
film. This is also why the performance of the device can be retained
90% after 300 h in the air.



Fig. 4. The diagram of hydrophobic properties of PEDOT derivative film. (a) The hydrophobic characteristic diagram of PEDOT derivative-PEDOT:A film. (b) The binding energy
between Aquivion and water molecule. (c) The binding energy between PSS and water molecule. (d) The contact angle of water on PEDOT derivative-PEDOT:A film. (e) The contact
angle of water on PEDOT:PSS film. (f) The PEDOT derivative-PEDOT:A film and (g) PEDOT:PSS film immersed in water continuously for different time.
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Constructing Si hybrid solar cells with functional materials,
without relying on passivation or extra functional layers to assist in
improving efficiency, the electric conductivity of film was also a
crucial factor. Therefore, a conductive atomic force microscope
(AFM) [37] was performed to demonstrate the conductivity of
PEDOT:A film. Fig. 5a and c show the conductive AFM current im-
ages of PEDOT:A film and PEDOT:PSS film. It can be observed that
the image of PEDOT:A is brighter than that of PEDOT:PSS, indicating
that the conductivity of PEDOT:A film is slightly better than
Fig. 5. Conductive AFM current images and current histograms of PEDOT:A and PEDOT:PSS fi

PEDOT:A film surface. (c) Conductive AFM current image of PEDOT:PSS film surface. (d) Cu

6

PEDOT:PSS film. Furthermore, Fig. 5b and d present the current
histograms extracted from the conductive AFM current images of
PEDOT:A film and PEDOT:PSS film. The mean current for the
PEDOT:A film and the PEDOT:PSS film was 34.9 pA and 25.6 pA,
respectively.

Meanwhile, the transmission line model method (TLM) was
used to measure the electric conductivity (s) of PEDOT:A and
PEDOT:PSS film, as shown in Fig. 6. The schematic diagram of the
film resistance test was shown in Fig. S11a. Fig. 6a and b shows the
lm. (a) Conductive AFM current image of PEDOT:A film surface. (b) Current histogram of
rrent histogram of PEDOT:PSS film surface.
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dark IeV characteristic of PEDOT:A and PEDOT:PSS film at silver
grid line spacing between 0.2 cm and 0.6 cm. As the spacing be-
tween the silver grid lines increases, the resistance of the film be-
tween the silver grid lines increases, and the current decreases.
Thus, the resistance of the PEDOT:A film and PEDOT:PSS film for
different widths can be calculated from Fig. 6ae6b. The resistance
of the PEDOT:A and PEDOT:PSS film at different spacings were also
shown in Fig. 6ce6d, respectively. It can be seen that the resistance
of PEDOT:A film was all below 2.66 � 107 U and the resistance of
PEDOT:PSS film was all above 3.2 � 107 U, which suggests that the
resistance of PEDOT:A film is smaller than PEDOT:PSS film. By lin-
early fitting the resistance obtained from different distances, the
slope is the resistance per unit width of film. Therefore, the electric
conductivity of the film can be obtained through formula (2), and
the specific formula is as follows:

s¼ 1
r� A� h

(2)

where s is the electric conductivity of the film, r is the resistance
Fig. 6. Electric conductivity of PEDOT:A and PEDOT:PSS film. (a) Dark I-V characteristics of P
and (d) PEDOT:PSS film as a function of channel length. (e)The value of r of different films

7

per unit width of the film, A is the length of the silver grid line,
which was 1.7 cm, and h is the thickness of the PEDOT:A film and
PEDOT:PSS film, as shown in Figs. S11be11c. The results of r and
electric conductivity of PEDOT:A and PEDOT:PSS film are calculated
in Fig. 6e and f, where PEDOT:A has an electric conductivity of
1.59 � 10�3 S/cm, and PEDOT:PSS has an electric conductivity of
2.71 � 10�4 S/cm. This shows that the electric conductivity of the
PEDOT:A film is comparable to or even slightly higher than
PEDOT:PSS film. It also indicates from the perspective of electrical
properties that the PEDOT:A film was suitable for constructing
devices.

3.4. Performance improved of PEDOT:A/Si hybrid solar cells

In order to further improve the efficiency of PEDOT:A/Si hybrid
solar cells, ITO layer was deposited on PEDOT:A film to enhance the
lateral carrier collection ability. Notably, after the deposition of the
ITO layer on PEDOT:A film, the short-circuit current density (JSC) of
the devicewas increased from 15.86mA/cm2 to 19mA/cm2, and the
fill factor (FF) was also improved, as shown in Fig. 7a. At the same
EDOT:A film and (b) PEDOT:PSS film on glass. (c) Measured resistance of PEDOT:A film
by fit slope. (f) The value of electric conductivity of different films.



Fig. 7. Performance of ITO/PEDOT:A/Si hybrid solar cells. (a) Current density-voltage
curve of ITO/PEDOT:A/Si hybrid solar cells. (b) Normalized PCE varied with time for
ITO/PEDOT:A/Si hybrid solar cells and PEDOT:A/Si hybrid solar cells stored in the air.

Table 2
Electrical output parameters of ITO/PEDOT:A/Si solar cells.

JSC (mA/cm2) VOC (V) FF (%) PCE (%)

ITO/PEDOT:A 19
(18.71 ± 0.22)

0.543
(0.54 ± 0.003)

62.25
(62.74 ± 1.07)

6.43
(6.35 ± 0.08)

ITO/PEDOT:A-
300h

18.92
(18.75 ± 0.20)

0.536
(0.543 ± 0.005)

61.64
(61.67 ± 1.76)

6.26
(6.25 ± 0.22)

*The statistical data are from five sets of solar cell data.
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time, we also monitored the stability of the device with ITO, and
detected that its stability performance remains satisfactory. As
shown in Fig. 7b, after storage in the air for 300 h, the PEDOT:A/Si
hybrid solar cells retained 97% of its initial efficiency, decreasing
only from 6.43% to 6.26%, as indicated in Table 2.

4. Conclusions

With the introduction of fluoropolymer, the PEDOT derivative,
PEDOT:A, was prepared, and the PEDOT:A/Si solar cells were con-
structed using a hydrophobic PEDOT:A film. Research has found
that the contact angle of PEDOT:A solution on the Si surface was
only 16.47�, achieving easy film-forming and high film quality.
Meanwhile, the positions of the conduction and valence band en-
ergy level of the PEDOT:A film are 3.22 eV and 5.15 eV, which can
achieve a good match with that of Si. The PEDOT:A/Si solar cells
retained 90% of its initial performance after a 300 h device storage
stability test compared to 60% of PEDOT:PSS. Meanwhile, first
principles calculations revealed that the binding energies between
fluoropolymer-Aquivion, PSS, and water molecule were 3.48 kJ/mol
and �5.76 kJ/mol, respectively. Profiting from the weak interaction
between fluoropolymer and water molecule, the contact angle of
8

water on the PEDOT:A film exceeds 100�, thus the film can remain
stable in water for a long period without dissolution. Through the
use of ITO, the PCE of PEDOT:A/Si hybrid solar cells was 6.43%, decay
3% of its initial efficiency after monitoring under identical condi-
tions. This also facilitates the practical applications of low-cost Si
based solar cells due to the technology development of air-stable Si
hybrid solar cells.
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