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The optical and electrical properties of PEDOT:PSS organic layer play a very important role in determining
the power conversion efficiency (PCE) of Si-organic hybrid solar cells (HSCs). In the present study, proper-
ties of PEDOT:PSS thin films with reduced graphene oxide (rGO) and their impacts on the performances
of the resultant Si-organic HSCs have been systematically investigated. The electrical conductivity of
PEDOT:PSS improved 35% when rGO was added to PEDOT:PSS, and the fabricated HSCs with 2 mg/ml
rGO addition yielded an PCE of 11.95% with a Jsc of 31.94 mAcm~2, a V,c of 579 mV and a FF of 0.648. How-
ever, excess rGO would deteriorate the solar cells performances and it might create additional defects and
prevent carriers being collected. The Raman spectroscopy, sheet resistance and EQE analyses with rGO
suggested that the interaction between the conductive rGO flakes and the aromatic PEDOT most prob-
ably not only provide additional charge transport pathways in hole transport layer to improve carrier
mobility leading to a higher carrier collection efficiency, but also suppress the electron recombination at
the junction interface. In addition, the rGO serve as an antireflection coating to reduce the reflectance of
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PEDOT:PSS thin film leading to further enhanced performances of solar cells.
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1. Introduction

The Si-based solar cells play an important role in photovoltaic
market for its mature manufacturing process and abundant raw
materials in the world [1]. But the purification and fabrication
processes occupy a vast majority of the total cost. Although the Si
photovoltaic industry is refining on several thin-wafer or thin-film
technologies to reduce the material cost, there are very limited
solutions to cut down the fabrication processes significantly [2]. In
recent years, the emergence of Si-organic HSCs offers a practical
means to reduce cost by adopting low-temperature, scalable, and
soluble processes of conjugated polymers to form heterojunctions
with an n-type crystalline Si at the interface [3]. In particular, solar
cells made of a p-type conjugated polymers, such as poly(3,4-
ethylenedioxythiophene):poly(stryrenesulfonate) (PEDOT:PSS),
on a n-type Si substrate are gaining strong interest mainly due
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to the simple fabrication processes, less pollution and easier
commercialization [4,5]. For this type Si-organic HSCs, incident
photons are harvested by Si generating electron-hole pairs instead
of organics, depletion layer could be formed in n-type crystalline
Si when p-type organic layer is deposited on the surface of Si.
Here, organic layer can block electrons and let hole pass, and act
as surface passivation, charge extraction, optical window and light
antireflection for Si-organic HSCs [6-8]. Zielke et al. demonstrated
that the PCE of HSCs up to 20% could be achieved by optimizing
the device structure and organic layer selection [9]. And the
PCE is fundamentally determined by optical absorption in the Si
absorber, carrier separation and recombination at the interface,
charge transport path through organic layer, as well as top and
bottom electrode configurations [10-12]. Over the past few years,
several schemes have been proposed to improve the perfor-
mance of Si-organic HSCs, such as Si textures for light harvesting,
surfactant-treated conductive polymer for high conductivity,
organic interface passivation [8,13,14]. Recently, Yu, et al. have
utilized a small organic molecule 1,1-bis[(di-4-tolylamino) phenyl]
cyclohexane layer into the interface between Si and PEDOT:PSS to
suppress the short circuit current density (Jp ), leading to a boosted
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the open-circuit voltage (Voc) and fill factor (FF) [4]. Thomas,
et al. have demonstrated that adhesion between organic layer
and Si was dramatically improved by adding different surfactants
into PEDOT:PSS, resulting in a PCE over 13% [15]. And Liu, et al.
have utilized p-Toluenesulfonic acid in PEDOT:PSS to increase its
conductivity up to 2000Scm~!, a PCE of 15.5% was achieved with
an antireflection layer of TiO, on Si-organic HSCs [16]. Moreover,
much effort to suppress the light reflection and enhance the
photo-generated carrier collection efficiency has been made for
the purpose of optical and electrical concurrent improvement
via nanostructured solar cells [17]. However, there is still a large
gap in efficiency between hybrid and conventional Si solar cells,
impeding their development to becoming cost-effective devices.

PEDOT:PSS is a polymer electrolyte consisting of positively
charged conjugated PEDOT and negatively charged saturated PSS.
PSS is a polymer dispersant, which helps disperse and stabilize
PEDOT in water and other solvents. PEDOT:PSS is the most suc-
cessful conducting polymer in terms of practical applications.
PEDOT:PSS thin film exhibits high transparency in the visible range,
high mechanical flexibility, excellent thermal stability, a high work
function (5.0-5.2 eV) and relatively facile process ability, for which
it have recently proven to be one of the most promising candi-
dates as transparent conductive layers and hole transport layers
in solar cells and electroluminescence devices [18]. The conduc-
tivity can be increased to 1000Scm~! by adding polar solvents,
such as methanol (MeOH), ethylene glycol (EG), or MeOH/EG co-
solvents [16,19]. A small addition of zonyl fluoro-surfactant also
improved the uniformity of spin-coated PEDOT:PSS on hydropho-
bic H-terminated c-Si [20]. However, comparing to the n type Si
wafer, the poor conductivity of PEDOT:PSS hinders the carriers
transport for the Si-organic HSCs. Therefore, more efforts have been
put forward to further help improve the conductivity of PEDOT:PSS,
which is the main issue weakening the charge collection capability
and a low photovoltaic properties.

Graphene has attracted huge amount of attention as a highly
promising material for many applications in nano-electronics, solar
cells, batteries and supercapacitors because of large specific sur-
face area, fascinating electrical conductivity and high mechanical
strength [21-23]. Recently, graphene has been combined with
PEDOT:PSS using different methods for various electronic applica-
tions [24,25]. And a double-layered graphene/PEDOT:PSS thin film
was prepared with optical and electrical properties for large-area
flexible optoelectronic devices [26]. Also, graphene/PEDOT:PSS thin
film was fabricated as the counter electrodes to improve the per-
formances of dye-sensitized solar cells [27-29]. And Tang et al.
exhibited a the heterojunction devices c-Si/PEDOT:PSS: graphene
oxide (GO) maximum efficiency of 10.3% [30].

In the present investigation, a small amount of rGO via ultra-
sonic cell disruptor treatment blended with PEDOT:PSS as hole
transport layer to improve the performances of Si-organic HSCs. It
can be found that the introduction of rGO to PEDOT:PSS can effec-
tively improve the Jsc, Voc and FF of Si-organic HSCs. And the PCE
of Si-organic HSCs with the addition of 2 mg/ml rGO reached to
11.95% with Voc 0f 0.579V, Jsc of 31.94 mAcm~2 and FF of 0.648, an
almost 27.8% enhancement compared to the pristine HSCs. And the
influences of morphology, optical and electrical properties of the
PEDOT:PSS/rGO thin films on the performances of HSCs have been
studied and discussed.

2. Experiment

2.1. Preparation of n-type Si wafer

300 wm thick, one-side polished n-type (100)-oriented crys-
talline Si wafers with a resistivity of 1-5cm were used for

experiments. It was ultrasonically cleaned in acetone, ethanol and
deionized water for 15 min, followed by immersing into 5% HF solu-
tion for 3 min to remove the oxide layer. Then, the samples were
dried by a steam of Nj.

2.2. Preparation of PEDOT:PSS/rGO dispersion

The GO was annealed at 300 °C for 2 h in a mixed gas of hydrogen
and argon (the molar ratio of H, to Ar was 3:10). And the GO was
reduced into rGO flakes. Then, rGO was grinded in the mortar for
1 h to get the uniform particles. Next the rGO was added into 1 ml
EG solution with concentration of 1 mg/ml, 2 mg/ml and 3 mg/ml,
respectively. The mixture was put into anultrasonic cleaner for
30min to get the dispersion. Then the obtained dispersion was
kept for 1 h using ultrasonic cell disruptor to get uniform and small
rGO flakes (The comparison sample without ultrasonic cell disrup-
tor treatment). After ultrasonic procedure, PEDOT:PSS (Clevios™
pH 1000) dispersion was mixed with the 7 wt% EG (added with
rGO) solution. And the mixture was processed by a magnetic stir-
ring then ultrasonic each for 1h. To improve the wettability of
PEDOT:PSS on Si wafer, 0.1 wt% zonyl surfactant was also added
prior to spin-coating.

2.3. Fabrication of Si-organic hybrid solar cells

The obtained PEDOT:PSS/rGO dispersion was spin-coated onto
the cleaned Si wafer using a spin rate of 3000 rpm for 40 s followed
annealed at 140 °C for 20 min in air. Subsequently, the top electrode
grid was prepared by sliver paste using a shadow mask. Finally,
the InGa eutectic layer was used to form an ohmic contact at the
Si backsides. An overview of the fabrication process for Si-organic
HSCs is shown in Fig. 1.

2.4. Material and device characterization

The structure and morphology of the samples were measured
using a X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra
DLD instrument with an AL K probe beam), X-ray diffraction (XRD,
X'Pert Pro Philips, Cu K radiation, 0.154056 nm), Raman spec-
tra (Jobin-Yvon LabRAM HR800 UV, YAG 532 nm), field-emission
scanning electron microscopy (FE-SEM, Hitachi, S-4800), and trans-
mission electron microscopy (TEM, FEI, Tecnai G2 F30). The
conductivity of the samples was carried out using the four-point
probe method in a Van der Pauw configuration (RTS-9 dual four-
probe electrical measurement tester). The current density versus
voltage (J-V) characteristics of the solar cell were measured using
a solar cell characterization system (PV measurement IV5) under
AM 1.5G conditions at an illumination intensity of 100 mW/cm?,
calibrated by a standard Si solar cell (PVYM937, Newport). The EQE
and reflectance characteristics of the device were measured with
Zolix QE system.
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Fig. 1. An overview of the fabrication process for Si-PEDOT:PSS hybrid solar cells.



400

—_
&
-

Intensity (a.u.)

291 290 289 288 287 286 285 284 283

Binding Energy (eV)

(C) GO
——PEDOT:PSS/rtGO 3 o
——PEDOT:PSS £ _f\_\-

o J;Th:l“a 1(‘?{1) o

Si(100)

Intensity (a.u.)

Si(100)

ey

10 20 30 40 50 60 70 80
2 Theta ( deg)

X. Jiang et al. / Applied Surface Science 407 (2017) 398-404

(b)

Intensity (a.u.)

291 290 289 288 287 286 285 284 283

Binding Energy (eV)

(d) = PEDOT:PSS
=—=PEDOT:PSS/rGO

-~

=

=

N’

>

o=

w

=

D

-

=

=

1 1 1 1
1200 1300 1400 1500 1600 1700

Raman Shift (cm™)

Fig. 2. C1s XPS spectra of (a) GO and (b) rGO. (c). XRD patterns of PEDOT:PSS and PEDOT:PSS/rGO. (Inset is the pattern of rGO flakes) (d) Raman spectra of PEDOT:PSS and

PEDOT:PSS/rGO.

3. Results and discussion

XPS measurement was carried out to investigate the formation
of rGO which is a core material for improvement of the device per-
formances. The C1s spectra of GO and rGO are presented in Fig. 2a
and b, respectively. Differences between the C1s spectra of GO and
rGO are evident in shape and peak identity. And It can be seen thata
significantly larger proportion of oxygen in GO existed in the form
of C—O0 functionalities. However, according to C1s spectra analysis
of rGO in Fig. 2b, after the H, thermal reduction of GO, the peaks of
oxygen-containing groups at 286.0eV (C—0), 286.9eV (C(=0) and
288.0eV (0—C=0) decreased to a different degree [31,32]. The pro-
portion of C=0 and O—C=0 groups dropped greatly, indicating that
most of the oxygen-containing functional groups were removed by
H, thermal reduction. Besides, the XRD pattern of the GO and rGO
also shown in Fig. S1, suggesting that GO was turned into rGO after
Hs reduction at 300°C too.

The measured of XRD for the PEDOT:PSS and PEDOT:PSS/rGO
samples shown in Fig. 2¢, and it did not yield any peaks character-
istic for PEDOT:PSS thin film except the low angle peak at about
24°, indicating the amorphous nature of the polymeric material.
The rGO flakes shows a broad peak at 25.8° (inset in Fig. 2c), after
rGO flakes dispersion in PEDOT:PSS solution, the peak could be
found in the XRD pattern of the composite films indicating the good
dispersion of rGO in composite [33]. And the diffraction at 53.4°
corresponds to the (100) plane of the Si substrate.

Raman spectra measurements was used to probe the confor-
mational changes of PEDOT:PSS with rGO addition, as shown in
Fig. 2d. For the PEDOT:PSS and PEDOT:PSS/rGO, the five typical
bands were indicated as C—C inter-ring stretching (1258 cm~1),
single C—C bond stretching (1365 cm~!), C=C symmetric stretch-
ing (1433 cm1), C=C asymmetric stretching (1530cm~1) and C=C
antisymmetric stretching (1569 cm~') [34]. Compared with the
spectra of PEDOT:PSS, the peaks of PEDOT:PSS/rGO are slightly
shifted (for example, from 1433 cm~! to 1438 cm~! in case of C=C
symmetrical stretching) owing to the strong -1 interactions of
aromatic structures in PEDOT:PSS and electron-rich rGO [35]. In
addition, the use of XPS to analyze the binding energy clarifies
the nature of the binding between rGO and PEDOT:PSS as shown
in Fig. S2. Moreover, the peak of C—C peak in PEDOT:PSS and
PEDOT:PSS/rGO were slightly shifted from 284.60 to 284.65¢eV as
shown in Fig. S2c. The shifted peak location also reveals the strong
-1 interaction between rGO and the aromatic structure of PEDOT
and PSS component [35].

Fig. 3a and b show the cross-section SEM images of PEDOT:PSS
and PEDOT:PSS/rGO (with 2 mg/ml rGO) thin films. It can be seen
that the inthickness of thin film is ~70 nm and has no significant
change after rGO addition. Fig. 3c is the TEM image of rGO flakes
after sonication, and some wrinkles and folds with the high specific
surface area can be clearly seen, which can benefits the contact area
between the PEDOT:PSS polymer and c-Si [36]. Fig. 3d presents the
TEM image of PEDOT:PSS/rGO thin film. It can be found that the
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Fig. 3. The cross-sectional SEM images of PEDOT:PSS (a) and PEDOTPSS/rGO thin film (b). The TEM images of rGO flakes (c) and PEDOT:PSS/rGO thin films (d). (all the film
was coated on Si substrate at a spin rate of 3000 rpm for 40 s and annealed at 140 °C for 20 min).
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Fig.4. Schematicdiagram of the Si-organic hybrid solar cells (a). Molecular structure
of PEDOT and PSS (b).

PEDOT:PSS is covered on the surface of rGO sheets, indicating that
stable PEDOT:PSS forms a tightly coated layer on the surface of
rGO, just like a blanket which connect each segregated agglom-
erated PEDOT particles together, and it can provide additional
charge transport pathways, and thus deliver a superior capacity
of charge carrier-transport property in the conductive composite
of PEDOT:PSS/rGO [35,36].

The schematic diagram of the device structure based on n-Si
and PEDOT:PSS with rGO homogeneously dispersed is depicted in
Fig. 4a. Molecular structures of PEDOT and PSS used in this study is
shown in Fig. 4b. It is known that PEDOT:PSS consists of hydropho-
bic conductive PEDOT coordinated by hydrophilic, insulating PSS
chains via ionic chemical bonds. After sequential device fabrication
processes, the Si-organic HSCs were made with different amounts
of rGO addition (1 mg/ml, 2mg/ml, 3 mg/ml mixed in EG solu-
tion then added 7wt% mixture into PEDOT:PSS solution). And the
pristine device was made from PEDOT:PSS mixed with 7wt% EG
solution for comparison.

To investigate the effect of the conductivity of PEDOT:PSS thin
films on the performances of HSCs, we have measured the sheet
resistance of PEDOT:PSS thin films as a function of the rGO con-
centration. For each type of film, three different samples were
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Fig. 5. The sheet resistance of PEDOT:PSS thin films as a function of the rGO content.
(blue diamonds represent the average value, red circles represent the maximum
value and black squares represent the minimum value, each sample was tested for
5 times. all the film layer on glass substrate was coated at a spin rate 3000 rpm for
40 s and annealed at 140 °C for 20 min. the samples were ~70 nm in thickness). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

measured, and the conductivity was evaluated using o =1/Rg,d,
where Ry, is the sheet resistance determined from four-point probe
measurements, and d is the film thickness obtained from SEM mea-
surements. It can be seen in Fig. 5 that the sheet resistance of the
PEDOT:PSS thin films decreased approximately 35%, from 225 2/sq
(pristine) to 170 2/sq (2 mg/ml rGO addition), then increased to
186 ©2/sq (3 mg/ml rGO addition). In view of the excellent conduc-
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Fig. 6. J-V curves of the Si-organic hybrid solar cells under illumination of AM 1.5G light (a) and in dark (b). EQE of Si-organic hybrid solar cells without and with 2 mg/ml
rGO addition (c). The optical reflectance of Si wafer, PEDOT:PSS/c-Si and PEDOT:PSS(rGO)/c-Si composite thin films (d).

Table 1

Performance details of Si-organic hybrid solar cells with different rGO addition.
Devices Jsc (MA/cm?) Voc (V) FF (%) n (%) Rs (S2cm?)
Pristine 27.78 0.552 60.98 9.35 422
1 mg/ml 30.01 0.568 62.42 10.65 3.72
2 mg/ml 31.94 0.579 64.75 11.95 3.02
3 mg/ml 30.41 0.558 63.53 10.77 3.49

tivity of rGO, the electrical conductivity of PEDOT:PSS thin films has
been effectively improved by the rGO addition, which in turn lead to
reduced leakage current density as shown in Fig. 6b. Therefore, the
addition of an appropriate amount of rGO enhanced the electrical
conductivity of PEDOT:PSS thin films, thus the device performances
also were improved significantly.

In order to investigate the effect of addition of rGO to PEDOT:PSS
on the performances of Si-organic HSCs, the illuminated and dark
J-V curves of the Ag/c-Si/PEDOT:PSS/InGa heterojunction solar
cells without and with different concentration of rGO addition
were respectively taken as depicted in Fig. 6a and b. The HSCs
parameters VocJse, FF,  and the calculated series resistance (Rs)
are summarized in Table 1. The Pristine device based on Ag/c-
Si/PEDOT:PSS/InGa structure yielded a n of 9.35% with a Jsc of
27.78 mAcm—2, a Vo of 552mV and a FF of 0.61. With increas-
ing rGO addition in PEDOT:PSS, the Js. increased from pristine
27.28 mAcm 2 to 31.94mAcm~2 for the HSCs with the 2 mg/ml
rGO addition, then decreased to 30.41 mAcm~2 with further addi-
tion of rGO up to 3 mg/ml. Also, the FF increased from value of

60.68% (pristine) to 64.75% (2 mg/ml rGO addition), then decreased
t0 63.75% (3 mg/ml rGO addition). The n enhanced from 9.35% (pris-
tine) to 11.95% (2 mg/ml rGO addition), then decreased to 10.77%
(3 mg/ml rGO addition). By the rGO insertion, the Rs decreased from
pristine 4.22-3.02 Qcm? (2 mg/ml rGO addition), then increased to
3.49 Qcm? (3 mg/ml rGO addition).

The properties of Si-organic HSCs originated from the het-
erojunction formed between metal-like polymer PEDOT:PSS and
n type Si substrate, and the optical and electrical properties
of PEDOT:PSS have an important influence on the device per-
formances. As for the V. are related to the following Eq. (1)
determined by diode qualities [37]:

Voc= KT/qIn(Jsc/Jo+1) (1)

Eq. (1) shows that the Vo, of a solar cell mainly depends on
the Jsc and reverse saturated dark current density (Jo), where k is
Boltzmann'’s constant, T is temperature, and q is charge of an elec-
tron. According to the J-V curves in Fig. 6b, it can be seen that Jj is
suppressed significantly by rGO addition due to the suppression of
electron recombination at the junction interface, implying the junc-
tion property is improved without creating additional defects at
the junction interface,leading to a boosted the open-circuit voltage
(Voc) and fill factor (FF) [38].

Fig. 6¢ presents the external quantum efficiency (EQE) of fabri-
cated Si-organic HSCs. The EQE improved markedly in the visible
and near-infrared region for the fabricated Si-organic HSCs with
rGO addition compared to those of without rGO addition. EQE
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sometimes referred to also as “incident photon to current con-
version efficiency” (IPCE) corresponds to the number of electrons
measured as photocurrent in the external circuit divided by the
monochromatic photon flux that strikes the cell. It can be described
as the product of three components which are the light harvesting
efficiency for photons of wavelength \ (LHE), the charge injection
efficiency (¢in;) and the charge collection efficiency (neon) [39]:

IPCE = LHE(N).@inj-Ncoll (2)

Where LHE is primarily related to the absorption of solar cell mate-
rials. Regarding Si-organic HSCs, incident photons can be harvested
by Si and then generate electron-hole pairs instead of PEDOT:PSS
[16]. From Fig. 6d we can get a conclusion that LHE showed pos-
itive impacts in 300-550 nm while negitave influence beyond the
550 nm after rGO addition of the device. In addition, the conductiv-
ity of organic film is decided by the carrier mobility and the carrier
concentration. According to the Liu, et al. reported that free-carrier
absorption in the wavelength of 1000-1100 nm can lead to a lower
EQE [16,19]. Whereas, the enhancement of EQE in the infrared
region (850-1100 nm) as shown in Fig. 6¢c implying that improve-
ment of the carrier mobility rather than the carrier concentration.
So, the increased carrier mobility contribute to the improved carrier
collection efficiency of the device using PEDOT:PSS/rGO composite
thin films. Also, it could be deduce that rGO addition has little influ-
ence on @jy; for EQE of device. Therefore, from Eq. (2), we can draw
a conclusion that the broadband enhancement in EQE from 300 nm
to 1100 nm corresponds to the increased carrier collection effi-
ciency and the influence of light harvesting efficiency in the device,
owing to the improved electrical conductivity of PEDOT:PSS thin
films and the reduced reflectance in the 350-550 nm wavelength
by employing rGQ [40].

Fig. 6d is the optical reflectance of Si wafer, PEDOT:PSS/c-Si and
PEDOT:PSS(rGO)/c-Si composite thin films. It can be seen that the
reflectance of PEDOT:PSS thin films dramatically decreased in com-
parison with that of planar Si, as previous report that the PEDOT: PSS
thin film could serve as an antireflection coating to reduce the
reflectance of silicon layer [16]. After rGO addition, the reflectance
of PEDOT:PSS thin films reduced in the region of 300-550 nm, while
a little improvement beyond the 550 nm can be observed. Mehta,
et al. have reported that the graphene overlayer on the polished
Si surface can drastically reduce the reflectance value from 88 to
43%to 17-11% in the 300-650 nm wavelength range [41]. So, it can
be believed that the rGO in PEDOT:PSS thin films could serve as
an antireflection coating to further reduce the reflectance in the
350-550 nm wavelength.

4. Conclusion

Introduction of ultrasonic cell disruptor treatment rGO flakes
to PEDOT:PSS thin films as hole transport layer for Si-PEDOT:PSS
HSCs has demonstrated to be an efficient and promising means
to enhance the solar cells performances. When rGO was added to
PEDOT:PSS thin films, the electrical conductivity improved 35%.
And the fabricated HSCs with 2 mg/ml rGO addition delivered an
overall PCE of 11.95%, about 27.8% increase from 9.35% in pris-
tine HSC, and the short-circuit current density, open-circuit voltage
and fill factor were all significantly improved. This enhancement
could be due to the fact: (1) the addition of rGO flakes can serve
as an antireflection coating to further reduce the reflectance, and
(2) the interaction between the conductive rGO flakes and the aro-
matic structure of PEDOT can provide additional charge transport
pathways in hole transport layer and suppress the electron recom-
bination at the junction interface, significantly reduce the sheet
resistance of PEDOT:PSS thin films, the series resistance and dark

current density of the device, leading improved carrier collection
efficiency of the PEDOT:PSS hole transporting layer.
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