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conversion efficiency of an n-Si/
PEDOT:PSS hybrid solar cell using nanostructured
silicon and gold nanoparticles
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Herein, the effect of nanostructured silicon and gold nanoparticles (AuNPs) on the power conversion

efficiency (PCE) of an n-type silicon/poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (n-Si/

PEDOT:PSS) hybrid solar cell was investigated. The Si surface modified with different nanostructures

including Si nanopyramids (SiNPs), Si nanoholes (SiNHs) and Si nanowires (SiNWs) was utilized to improve

light trapping and photo-carrier collection. The highest power conversion efficiency (PCE) of 8.15% was

obtained with the hybrid solar cell employing SiNWs, which is about 8%, 20% and 40% higher compared

to the devices using SiNHs, SiNPs and planar Si, respectively. The enhancement is attributed to the low

reflectance of the SiNW structures and large PEDOT:PSS/Si interfacial area. In addition, the influence of

AuNPs on the hybrid solar cell's performance was examined. The PCE of the SiNW/PEDOT:PSS hybrid

solar cell with 0.5 wt% AuNP is 8.89%, which is ca. 9% higher than that of the device without AuNPs

(8.15%). This is attributed to the increase in the electrical conductivity and localized surface plasmon

resonance of the AuNP-incorporated PEDOT:PSS coating layer.
1. Introduction

Currently, solar cells using bulk siliconmaterials have been used
as commercial products.1–3 However, the surface of bulk silicon
has high reectivity under the solar radiation leading to most
incident light being reected; as a result, the PCE of the solar cell
is low. Therefore, reducing the reectivity of silicon has received
considerable attention from researchers.4 In order to address this
issue, one of the promising methods is fabricating nano-
structured silicon.5–7 Indeed, the silicon nanostructure could
achieve near-zero anti-reection over a broad wavelength.8

Moreover, these silicon nanostructures have the ability to trap the
incident light and suppress the surface reection, which is good
for photovoltaic devices.9,10 In addition, the silicon nano-
structures increase the light absorption ability owing to a large
surface area in comparison with bulk silicon.11–14 There are two
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general approaches to fabricate silicon nanostructures, namely
top-down and bottom-up. Several bottom-up methods have been
carried out to fabricate silicon nanostructures, such as the
chemical vapor deposition method, molecular beam epitaxy
technique, and thermal evaporation method.15–17 However, these
methods are oen difficult to perform due to the complex and
expensive equipment are required. The top-down methods are
widely used in industry as they are easier andmuch cheaper than
the bottom-up methods. There are three main top-down
methods: photolithography, dry etching and wet chemical
etching.18–21 Among these top-down methods, photolithography
and dry etching are time-consuming and expensive methods,
whereas wet chemical etching is simple to perform with low cost.
In addition, wet chemical etching is suitable for high quantity
production with a large uniform structure.

Recently, the hybrid solar cells have been attracting research
attention due to their great potential in terms of performance
and production costs.1,2,22 The hybrid solar cell structure
combines organic and inorganic materials to take advantage of
some of the unique properties of both materials.22 The
commonly used organic materials are conductive polymers,
such as PEDOT:PSS, for the production of hybrid solar cells. In
the hybrid structure, PEDOT:PSS acts as a p-type semiconductor
and is deposited on top of an inorganic material as an n-type
semiconductor (i.e. n-type Si) to create a p–n junction. Si/
PEDOT:PSS hybrid solar cells have been developed by some
research groups and are expected to replace the current solar
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cell generations based on bulk silicone materials and solar thin-
lm. Some serious issues such as the defects in the PEDOT:PSS/
Si interface, small p–n junction areas, low optical absorption
and carrier recombination could be the major barriers causing
the negative effects on the efficiency of the hybrid solar cells.22

There are several proposed approaches to solve the above
problems, such as using three-dimensional (3D) Si nano-
structures (SiNW, SiNH, SiNPs), to improve the p–n junction
area and the optical adsorption, and to add guest materials
(AuNPs, Si quantum dots, graphene, graphene quantum dots)
to improve the optoelectrical properties of the conductive
polymer materials.23–29 However, most of the published works
only focused on using single Si nanostructures to enhance the
PCE of the fabricated solar cells. There are no papers published
to compare the performance among them. Moreover, the pres-
ence of metallic nanoparticles (i.e. AuNPs, AgNPs), which acts as
plasmonic factors inside the organic layer, has also received
considerable attention due to being a potential solution for
enhancing the performance of the solar cells.27–33

Thus, in this study, both Si surface modication and AuNP
addition were used to improve the PCE of the hybrid solar cells
resulting from the reduction in reectance and the increase in
plasmonic effects. The chemical reduction approach was used
to prepare AuNPs (�17 nm) that served as plasmonic
enhancement factors. The Si surface was chemically etched to
produce three Si nanostructures including SiNPs, SiNHs, and
SiNWs, which were then employed as the substrates to compare
their effects on the light trapping and the efficiency of the
fabricated hybrid solar cells.
2. Experimental
2.1. Materials

Silicon n-type (thickness 525 � 5 mm, resistivity 1–10 U) were
purchased from SEHOUNG Wafertech, Korea. Acetone, iso-
propanol (IPA), HF, H2SO4 (98%), HNO3 (68%), H2O2, KOH,
Fig. 1 Schematic of the fabrication of: (a) SiNWs, (b and c) SiNHs and (d

© 2022 The Author(s). Published by the Royal Society of Chemistry
NaBH4 and AgNO3 were purchased from Shantou Xilong, China.
Chloroauric acid (HAuCl4) was purchased from Aldrich-Sigma
for synthesizing AuNPs.

2.2. Preparation of Si nanostructures

First, the Si substrate was pretreated to remove all the
contaminants by ultrasonication in acetone for 5 min and then
in isopropanol for 5 min. As a result, the organic contaminant is
removed. Second, the inorganic contaminant, together with
dust and small-unwashed particles, is removed by ultra-
sonication in DI water for 5 min. These two steps were repeated
three times. Third, the wafer was immersed in piranha solution
(H2SO4 : H2O2 4 : 1) at 140 �C for 10 min. Finally, the Si
substrate was cleaned again by DI water then dried under
nitrogen gas for preparing Si nanostructures including SiNWs,
SiNHs and SiNPs, as shown in Fig. 1.

2.2.1 Preparation of SiNWs. Fig. 1a shows a one-step
etching technique for fabricating SiNWs. First, the cleaned Si
substrate was immersed in an etchant solution comprising HF
(4.6 M)/AgNO3 (0.02 M) for 5 min to generate SiNWs. The
formation of SiNWs could be explained utilizing the notion of
a self-assembled Ag-induced selective etching mechanism,
which is based on the localized microscopic electrochemical
cell model.34,35 The localized microscopic electrochemical cell
model is described as below:

At the cathode:

Ag+ + e� / Ag

At the anode:

Si + 2H2O + 4H+ / SiO2 + 4H+

SiO2 + HF / H2SiF6 + 2H2O
) SiNPs.

RSC Adv., 2022, 12, 10514–10521 | 10515
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The complete redox reaction:

Si + 4Ag+ + 6 HF / 4Ag + H2SiF6 + 4H+

In this method, Ag+ was reduced to Ag and deposited on the
surface of the Si substrate. The surface silicon atoms were
oxidized by releasing an electron or consuming a hole. Subse-
quently, the silicon oxide was etched by the HF solution, leaving
pits on the surface. The Ag nanoparticles that are trapped in
these pits continue to sink downward by a continuous process
of galvanic displacement of Si.35 Aer the etching process, the
SiO2 layer was removed by HF 5% solution. The excess ions Ag+

and the residual Ag nanoparticles were rinsed with DI water
three times for 10 min and then dried with nitrogen gas.

2.2.2 Preparation of SiNHs. Fig. 1b andc show a two-step
etching technique for fabricating SiNHs. In the rst step, the
Si surface was coated with AgNPs by immersing in a solution
containing 18 mL HF/0.19 g AgNO3 for 5 s. Following that, the
substrate was immersed in an etchant solution comprising
37 mL HF/3 mL H2O2 for 45 s to prepare SiNHs. The silicon
wafer was cleaned aer the etching process by soaking it in
HNO3 and HF solutions for 10 min, and then washing it with DI
water multiple times before nally drying it with nitrogen gas.

2.2.3 Preparation of SiNPs. A conventional wet chemical
etching technique was used to prepare SiNPs. The etchant
solution is made out of a combination of potassium hydroxide
and isopropanol. The formation of the SiNP structure is shown
in Fig. 1d. The cleaned Si substrate was immersed in a mixture
containing 2 g KOH/5 mL IPA for 35 min at 80 �C. Aer that, the
silicon wafer was rinsed three times with DI water aer the
etching process and dried with nitrogen gas. The etching
process by KOH/IPA is governed by the following reaction:

Si + KOH / K2SiO3 + H2

The hydrogen bubbles are released during the anisotropic
etching of silicon by KOH, as shown in the equation above.
These H2 bubbles tend to stick to the silicon surface, which acts
as a local mask to prevent texturing at those positions resulting
in a non-homogeneous texture. The IPA enhances the wet ability
of the Si surface by lowering surface tension and effectively
removing the H2 bubbles.36,37

2.3. Synthesis of AuNPs

The chemical reduction method was used to prepare AuNPs. A
NaBH4 (0.1 M) solution was added in 100 mL HAuCl4 (0.2 mM)
andmagnetically stirred continuously at 600 rpm until the color
of the solution changes from yellow to dark red. Then, the as-
prepared AuNP solution was centrifuged at 10 000 rpm for
10 min and dispersed in deionized water by ultrasonic to
prepare an AuNP solution with a concentration of 1 mg/1 mL.

2.4. Fabrication of hybrid solar cell

First, Si substrates modied with different Si nanostructures
(SiNWs, SiNHs, and SiNPs) were cleaned with the piranha
10516 | RSC Adv., 2022, 12, 10514–10521
solution at 130 �C for 40 min and several times with DI water.
The Si substrate was submerged in a 2% HF solution for 1 min
and coated immediately by a highly conductive polymer
comprising PEDOT:PSS, 5% DMSO and 0.1 wt% Zonyl® uo-
rosurfactant at a speed of 2000 rpm (10 s), followed by an
increase to 6000 rpm (60 s). Aer that, the hybrid structures
were annealed at 140 �C for 30 min. For the hybrid solar cell
containing AuNPs, 0.5 wt% AuNP was added in the high
conductive polymer by ultrasonication and then spin-coated on
the surface of the Si nanostructure. Finally, the back electrode
was formed by depositing a thin lm of 50 nm Ti and 200 nm
Ag, and the front electrode contact was made by a nger-typed
250 nm Ag-lm.
2.5. Characterizations

Field emission scanning electron microscopy was performed to
study the morphology of the specimens (FESEM, Hitachi
S4800). A JASCO V-770 spectrophotometer was used to obtain
the reectance and absorption spectra. The 4-point technique
(Sigma-5+, NPS Inc, Japan) was employed to measure the sheet
resistance thin lm. A spectral response measurement was used
to record the external quantum efficiency (EQE) spectra at
wavelengths ranging from 300 to 1100 nm. The PCE of the as-
prepared solar cells was determined using a Keithley 2400
source meter under air mass 1.5 global (AM 1.5G) illumination
(100 mW cm�2).
3. Results and discussions
3.1. Morphology of silicon nanostructures

Fig. 2(a1) and (a2) show the microstructure of the as-prepared
SiNPs. As observed, the pyramids in various sizes ranging
from 0.2 to 2.5 mm covered the whole surface. This observation
could be attributed to the evaporation of IPA during the etching
process. The evaporation of iso-propanol leads to the reduction
in the concentration of IPA during the etching process, leading
to the decrease in the uniformity of the etching process. The
surface area of SiNP arrays was estimated by the statistical
calculation of SEM images. The top view and cross-section of
the SiNH structures are shown in Fig. 2(b1) and (b2), respec-
tively. The whole surface of the Si substrate was covered with
silicon nanoholes with an average of roughly 40 nm in diameter
and 680 nm in depth. There are presence of some holes that
were bent to the le direction, as shown in Fig. 2(b2), suggesting
that the Ag nanoparticles changed their direction movement in
silicon during the etching process. Fig. 2(b2) not only shows the
vertical holes according to the (100) direction but also the
horizontal holes according to the (010), (0�10), (001) and
(00�1) directions, which are equivalent to the (100) direction.
This bending phenomenon could be due to the semispherical
side of Ag nanoparticles. It is interesting to note that the
absence of AgNPs indicated that the remaining AgNPs were
entirely eliminated aer the washing processes. The SiNW
structure obtained by the one-step etching process is shown in
Fig. 2(c1) and (c2). The SiNW array with a length of 720 nm
covered the entire Si substrate uniformly. These SiNWs were
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01246d


Fig. 2 SEM images of the top-viewed and cross sectional viewed (a1 and a2) SiNPs, (b1 and b2) SiNHs and (c1 and c2) SiNWs.

Fig. 3 SEM images of (a) SiNPs, (b) SiNHs and (c) SiNWs after PEDOT:PSS coating.

Fig. 4 Reflectance spectra of planar Si, SiNPs, SiNHs and SiNWs in the
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formed as bundle-like structures due to the van der Waals force
between nanowires.38 From the top view image, the different
distances between SiNW arrays were observed. This could be
due to the agglomeration and/or different sizes of Ag nano-
particles, which acted as the catalyst and reactive places for the
etching process.

The microstructure of the Si substrate modied with
different nanostructures aer coating with PEDOT:PSS is shown
in Fig. 3. For SiNPs, the conductive polymer was entirely coated
on top of the SiNPs. However, the narrow gaps among SiNPs
were not penetrated completely by PEDOT:PSS (Fig. 3a). For
SiNHs, as observed in Fig. 3b, the PEDOT:PSS was not only
thoroughly coated on top of SiNHs but also penetrated fully into
the holes. This indicates that the applied spin-coating condition
is suitable for fabricating uniform SiNHs/PEDOT:PSS hybrid
structures. For SiNWs, the Si/PEDOT:PSS hybrid structures were
also prepared, and single SiNW was coated and covered with
PEDOT:PSS. The fabrication of homogenous Si/PEDOT:PSS
hybrid structures might be a benecial factor to enhance
hybrid solar cell performance.

The reectance spectra in the incident wavelength range
500–1200 nm of planar Si and Si substrates modied with
SiNPs, SiNHs and SiNWs are shown in Fig. 4. As can be
observed, the reectance of the planar Si substrate was below
40% and then reduced to 20% for SiNPs. As a result, the
reectance of SiNPs decreased compared to that of the planar Si
substrate. The reectance of the Si substrate signicantly
reduced when modied with SiNH and SiNWs. The reectance
© 2022 The Author(s). Published by the Royal Society of Chemistry
was determined to be below 10% for both structures. In addi-
tion, in the incident wavelength ranging of 300–700 nm, the
reectance of SiNWs exhibited a signicant drop of less than
7%. These results indicated that Si substrates modied with
nanostructures such as SiNPs, SiNHs, and SiNWs could provide
an antireection substrate by lengthening the effective optical
path length of incident light due to light trapping and light
scattering.

The parameters of the as-prepared hybrid solar cell are pre-
sented in Fig. 5a and Table 1. Fig. 5 shows the current density–
voltage (J–V) characteristics and energy diagram of PEDOT:PSS/
Si hybrid solar cells. In this structure, the n-type Si acted as the
incident wavelength range from 500 to 1200 nm.

RSC Adv., 2022, 12, 10514–10521 | 10517
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Table 1 Structure and photovoltaic properties of the hybrid solar cells: short circuit current density (Jsc), open circuit voltage (Voc), series
resistance (Rs), fill factor (FF), and efficiency (PCE)

No. Structures AuNP (wt%) Jsc (mA cm�2) Voc (V) Rs (U cm�2) FF (%) PCE (%)

1 Ti/Ag/Planar Si + PEDOT:PSS/Ag 0 25.01 0.484 5.33 48 5.81
2 Ti/Ag/SiNPs + PEDOT:PSS/Ag 0 25.27 0.504 4.57 53 6.75
3 Ti/Ag/SiNHs + PEDOT:PSS/Ag 0 25.59 0.508 2.77 58 7.53
4 Ti/Ag/SiNWs + PEDOT:PSS/Ag 0 25.86 0.514 2.43 61 8.15
5 Ti/Ag/SiNWs + PEDOT:PSS + AuNP/Ag 0.5 26.23 0.531 2.12 64 8.89

Fig. 5 (a) J–V characteristic curves of the hybrid solar cell using planar Si and Si nanostructures and (b) energy diagram of the n-Si/PEDOT:PSS
hybrid solar cell.
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n-type semiconductor material, the light absorbing layer and
the electron-holepairs generating component. The PEDOT:PSS
layer operates as the p-type semiconductor material and the
hole transport layer. The separation process of the electron–
hole pairs occurred at the Si/PEDOT:PSS interfaces (Fig. 5b).
The devices that used planar Si substrates had a low perfor-
mance with a PCE of 5.81%, a Jsc of 25.01 mA cm�2, a Voc of
0.484 V and an FF of 0.48%. The low PCE of the device using
planar Si can be due to the high reectance and small p/n
junction area formed by n-Si and PEDOT:PSS (Fig. 5a). The
PCE of the devices using SiNPs (6.75%) was enhanced up to 16%
compared to the planar Si hybrid solar cell with a Jsc of 25.27 mA
Fig. 6 (a) Optical absorption spectra and SEM image of AuNPs synthesi
thin films with and without AuNPs.

10518 | RSC Adv., 2022, 12, 10514–10521
cm�2, a Voc of 0.504 V and an FF of 53%. It is worth noting that
the performance of the hybrid solar cells was signicantly
increased when SiNHs and SiNWs were used. The values of the
PCE were measured to be 7.53% and 8.15% corresponding to
the devices using SiNHs and SiNWs, respectively. The device
using SiNWs shows the best performance, which is about 8%,
20% and 40% improvement in the PCE compared to the devices
using SiNHs, SiNPs and planar Si, respectively. The enhance-
ment could result from the low reectance of SiNW structures
for enhancing the light absorption and to large p/n junction
areas for enhancing the carrier collection efficiency.39–44 More-
over, the increase in the surface roughness of the devices using
zed by chemical reduction method (b) sheet resistance of PEDOT:PSS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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SiNWs is shown in Fig. 3c. According to several reports, the
surface roughness increased leading to the reduction in the
hole extraction path and the improvement in the hole collection
efficiency, and thus the PCE of hybrid solar cells increased.45–48

In order to investigate the effect of AuNPs on the perfor-
mance of the hybrid solar cells, a concentration of 0.5 wt%
AuNP was added in the conducting polymer. AuNPs with an
average diameter of 17 nm synthesized by the chemical reduc-
tion method was used for the study. The as-prepared AuNPs
exhibit an absorption peak at 519 nm, which is assigned to the
plasmon resonance absorption of AuNPs (Fig. 6a). The sheet
resistance of the PEDOT:PSS/AuNP thin lm with a thickness of
50 nm was measured. As a result, the sheet resistance of the
PEDOT:PSS/AuNP lm was nearly two times lower than that of
the pristine PEDOT:PSS thin lm (Fig. 6b).

Fig. 7a shows the structure of SiNW/PEDOT:PSS hybrid solar
cell containing AuNPs. The EQE of SiNW/PEDOT:PSS hybrid
solar cells containing 0.5 wt% AuNP is shown in Fig. 7b. As
a result, the EQE of the hybrid solar cell was improved in
a spectrum of 300–600 nm in the presence of AuNPs. The
increased EQE might have resulted from the light-trapping
effect of AuNPs at wavelengths less than 500 nm and the
increase in the optical absorption of the PEDOT:PSS/AuNPs, as
discussed in the previous study.25 Furthermore, the presence of
AuNPs increased the roughness of the device surface, leading to
an increase in EQE.30 Fig. 7c shows the J–V curves of the hybrid
solar cells with and without AuNPs. As a result, the performance
of the hybrid solar cell containing AuNPs improved compared
with the cell without AuNPs. The SiNW/PEDOT:PSS/AuNPs
Fig. 7 (a) Structure, (b) EQE spectrum, (c) J–V characteristic curves and

© 2022 The Author(s). Published by the Royal Society of Chemistry
hybrid solar cell has a Jsc of 26.23 mA, a Voc of 0.53, an FF of
0.64 and a maximum PCE of 8.89%, which corresponds to an
enhancement of ca. 9% compared to the solar cells without
AuNPs (8.15%). The obtained results are in good agreement
with other reports.27–30 Lu et al. reported that the PCE of the
SiNHs/PEDOT:PSS hybrid solar cell containing AuNPs was
determined to be 6.1%, which is an improvement of 27%
compared to that of the solar cells without AuNPs.27 Similarly,
Sharma et al. also reported a PCE of 8.2% for planar Si/
PEDOT:PSS/AuNPs, which is higher than that of the device
without AuNPs (7.3%).29 The higher PCE for Si/PEDOT:PSS/
AuNP hybrid solar cells was reported by Kim et al. in which
a PCE was measured to be 11.19% for the device containing
AuNPs by the in situ method, which is approximately 19%
higher compared to the device without AuNPs (9.42%).30

Therefore, the incorporation of AuNPs acting as incident light
antennas in PEDOT:PSS might improve the performance of
hybrid solar cells. The energy might be stored in the localized
surface plasmon mode using these antennas. Furthermore, the
increase in the electrical conductivity of PEDOT:PSS might be
a factor resulting in a higher Voc compared to devices without
AuNPs (0.514 V) and consequently a higher PCE.27,29,30 In addi-
tion, the increase in PCE could originate from the reduction of
the series resistance (Rs) of the device containing AuNPs (2.12 U

cm2) in comparison with the device without AuNPs (2.43U cm2).
According to Otieno et al., the reduction in Rs could be due to
the presence of AuNPs, thus leading to the decrease in the work
function of the PEDOT:PSS and the decrease of the PEDOT:PSS
volume assisting the movement of the holes towards the anode,
(d) dark J–V curves of SiNW/PEDOT:PSS/AuNPs hybrid solar cells.
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and thus reduce the effective device resistance.31 The decrease
of the Rs encourages the charge collection leading to an increase
in the FF from 61 to 64%.49,50 The dark J–V characteristics of the
hybrid solar cells with and without AuNPs were shown in
Fig. 7d. As a result, the decrease in the leakage current density
of the devices conrmed the reduction of the Rs and the
increase in the electrical conductivity of PEDOT:PSS caused by
adding AuNPs. The hybrid solar cell containing AuNPs exhibi-
ted a high current density in forward bias and a better charge
collection efficiency, thus leading to the improvement of the
PCE.

4. Conclusion

We have investigated the effect of nanostructured silicon
surface modication and AuNP incorporation in the
PEDOT:PSS on the performance of n-Si/PEDOT:PSS hybrid solar
cells. The obtained results showed that the hybrid solar cells
using nanostructured Si surface modication, such as SiNPs,
SiNHs and SiNWs, exhibited a signicant improvement in the
performance due to the enhancement in light trapping and
photo-carrier collection. The highest PCE of 8.15% was ob-
tained with the solar cell using SiNWs as a substrate, which is
ca. 40% higher compared to the planar Si solar cell. The hybrid
solar cell containing 0.5 wt% AuNPs reached a peak PCE of
8.89%, which shows an improvement of about 9% compared to
the device without AuNPs (8.15%). This improvement mainly
originated from the increase in electrical conductivity, the
reduction in the series resistance and localized surface plasmon
resonance of the AuNPs, thus leading to increase FF, Voc and Jsc.
Our results suggest that the performance of Si/PEDOT:PSS
hybrid solar cells could be improved by the combination of
both nanostructured silicon surface modication and AuNP
incorporation in the PEDOT:PSS.
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