This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

High efficiency silicon nanohole/organic
heterojunction hybrid solar cell
Hong, Lei; Wang, Xincai; Zheng, Hongyu; He, Lining; Wang, Hao; Yu, Hongyu; Rusli
2014
Hong, L., Wang, X., Zheng, H., He, L., Wang, H., Yu, H., et al. (2014). High efficiency silicon
nanohole/organic heterojunction hybrid solar cell. Applied Physics Letters, 104(5), 053104‑.

https://hdl.handle.net/10356/97138
https://doi.org/10.1063/1.4863965

© 2014 AIP Publishing LLC. This paper was published in Applied Physics Letters and is made
available as an electronic reprint (preprint) with permission of AIP Publishing LLC. The
paper can be found at the following official DOI: http://dx.doi.org/10.1063/1.4863965. One
print or electronic copy may be made for personal use only. Systematic or multiple
reproduction, distribution to multiple locations via electronic or other means, duplication
of any material in this paper for a fee or for commercial purposes, or modification of the
content of the paper is prohibited and is subject to penalties under law.

Downloaded on 10 Jan 2023 05:26:16 SGT

High efficiency silicon nanohole/organic heterojunction hybrid solar cell
Lei Hong, Xincai Wang, Hongyu Zheng, Lining He, Hao Wang, Hongyu Yu, and Rusli
Citation: Applied Physics Letters 104, 053104 (2014); doi: 10.1063/1.4863965
View online: http://dx.doi.org/10.1063/1.4863965
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/5?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Highly efficient crystalline silicon/Zonyl fluorosurfactant-treated organic heterojunction solar cells
Appl. Phys. Lett. 100, 183901 (2012); 10.1063/1.4709615
High efficiency planar Si/organic heterojunction hybrid solar cells
Appl. Phys. Lett. 100, 073503 (2012); 10.1063/1.3684872
Enhanced charge collection in confined bulk heterojunction organic solar cells
Appl. Phys. Lett. 99, 163301 (2011); 10.1063/1.3651509
Bulk heterojunction solar cells based on a low-bandgap carbazole-diketopyrrolopyrrole copolymer
Appl. Phys. Lett. 97, 203303 (2010); 10.1063/1.3508951
Self-organized phase segregation between inorganic nanocrystals and PC 61 BM for hybrid high-efficiency bulk
heterojunction photovoltaic cells
Appl. Phys. Lett. 96, 243104 (2010); 10.1063/1.3454923

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: 155.69.4.4
On: Wed, 28 May 2014 07:56:30

APPLIED PHYSICS LETTERS 104, 053104 (2014)

High efficiency silicon nanohole/organic heterojunction hybrid solar cell
Lei Hong,1,2 Xincai Wang,2 Hongyu Zheng,2 Lining He,1 Hao Wang,1 Hongyu Yu,3,a)
and Rusli1,a)

1
Novitas, Nanoelectronics Centre of Excellence, School of Electrical and Electronic Engineering,
Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798
2
Singapore Institute of Manufacturing Technology, A*STAR (Agency for Science, Technology and Research),
71 Nanyang Drive, Singapore 638075
3
South University of Science and Technology of China, Shenzhen, China

(Received 10 December 2013; accepted 20 January 2014; published online 3 February 2014)
High efficiency hybrid solar cells are fabricated based on silicon with a nanohole (SiNH) structure
and poly (3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). The SiNH structure is
fabricated using electroless chemical etching with silver catalyst, and the heterojunction is formed
by spin coating of PEDOT on the SiNH. The hybrid cells are optimized by varying the hole depth,
and a maximum power conversion efficiency of 8.3% is achieved with a hole depth of 1 lm. The
SiNH hybrid solar cell exhibits a strong antireflection and light trapping property attributed to the
C 2014 AIP Publishing LLC.
sub-wavelength dimension of the SiNH structure. V
[http://dx.doi.org/10.1063/1.4863965]

Recently, low cost Si nanowires (SiNWs)/polymer
hybrid solar cells have been actively researched as they can
potentially lower the cost of solar cells.1–5 The hybrid solar
cells incorporating both Si and organic semiconductor enjoy
the benefits of both materials.6 Furthermore, due to the use
of the nanowire structure, the cells have excellent antireflective and light trapping properties, and exhibit significantly
enhanced light absorption. In addition, the metal induced
electroless chemical etching method used to achieve the
nanowire structure is simple, low cost, and applicable to
large area wafers. Such hybrid cells, however, suffer from
the drawbacks that the stand alone SiNWs tend to break easily, and agglomerate when the wire length increases.
Recently, Si nanohole (SiNH) structure has been developed
to overcome these shortcomings of the SiNW structure.7 The
interconnecting SiNH structure is mechanically more robust,
facilitates carrier transport, and eases electrode formation
compared to the SiNW structure. Moreover, it has also been
reported that the SiNH structure has much higher light
absorption than the SiNW structure due to its better light
trapping ability.8 SiNH solar cell device based on just Si material has been recently fabricated by Peng et al. with a short
circuit current of 32.2 mA/cm2 and an efficiency of 9.51%.7
In this paper, we present a low cost maskless approach
to fabricate large scale SiNH arrays. SiNH solar cell is then
fabricated by spin coating poly (3,4-ethylenedioxythiophene)
(PEDOT) onto the SiNH structure to form a heterojunction
device. The SiNH/PEDOT hybrid solar cells fabricated exhibit a power conversion efficiency (PCE) of 8.3%. The process developed in this work can be easily transferred to Si
thin film and thus, paves a way for the development of thin
film Si/polymer hybrid solar cells with high efficiency.
The starting 625 lm thick N-type Si (100) wafers were
cleaned sequentially in piranha solution at 90  C and RCA
solution at 75  C for 10 min each. A thin layer of Ag of
25 nm was then deposited on top of the Si wafer via
a)
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electron-beam evaporation. After that, KrF excimer laser
with wavelength of 248 nm and pulse duration of 20 ns was
used to anneal the Ag film to result in the formation of a
monolayer of Ag nanospheres. The excimer laser has a beam
dimension of 3 mm  3 mm square. The laser power density
used was 300 mJ/cm2, and the sample was placed on a moveable computer-controlled X-Y stage. During the laser annealing, the laser beam position was fixed, and the stage moved
in the X direction. After a complete scan over the sample in
the X direction, the stage was shifted in the Y direction by
2.8 mm, and the scan along the X direction was repeated.
The laser beam only illuminated each spot of the sample
once.9 After the formation of the Ag nanospheres, the sample
was next immersed in a mixture solution of hydrogen dioxide (H2O2) and hydrofluoric acid (HF), where etching of Si
occurred to form a SiNH structure, with the Ag nanospheres
acting as catalyst. The wet etching process was governed by
the mechanism as proposed by Li and Bohn based on the
local coupling of redox reaction.10 The remaining Ag nanospheres inside the SiNHs were then removed using a HNO3
solution. After that, conductive (3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) mixed with 5 wt. %
dimethyl sulfoxide (DMSO) was spin coated on the SiNH
structure to form a p-n junction. Finally, a layer of Ag grid
and Ti/Pd/Ag were evaporated on the PEDOT layer and the
back side of Si, respectively, to complete the solar cell device. In the experiments, cells with four different NH depths
(D) of 0.5 lm, 1 lm, 2 lm, and 4 lm were fabricated by controlling the etching time. Scanning electron microscopy
(SEM, LEO 1550 Gemini) was used to analyze the surface
morphology of the SiNH structure. The light reflection of the
SiNH structure was investigated using a Lambda 950
UV/VIS/NIR spectrometer with an integrating sphere. The
current density voltage characteristic (J-V) of the cells was
analyzed using a solar simulator (San–EI Electric). The incident photon-electron conversion efficiency (IPCE) was
measured using a spectral response/IPCE measurement
system.
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Figure 1(a) shows the SEM image of the sample after
the laser annealing of the Ag layer. It is clearly observed that
a layer of Ag nanospheres is formed on the surface of the Si
substrate. Most of the Ag nanospheres have diameters that
range from 200 nm to 400 nm, and the separations
between neighboring Ag nanospheres vary from 300 nm to
1000 nm. The planar Ag film initially deposited using the
e-beam evaporation experienced internal stress. Upon the
laser pulse irradiation, it gained enough energy to break up
and reshape to form nanospheres, so as to reach a low energy
state.11,12 Fig. 1(b) shows the top view image of the Si substrate after wet etching to form SiNHs with D ¼ 1 lm. The
chemicals only etched the parts of the Si wafer where Ag
nanospheres exist, and the diameters of the SiNHs and their
separations follow those of the starting Ag nanospheres.
Figs. 1(c)–1(f) show the cross-sectional view of the SiNH
structure with a hole depth of 0.5 lm, 1 lm, 2 lm, and
4 lm, respectively, which were achieved with corresponding etching times of 15 s, 30 s, 60 s, and 120 s. It can be
seen that the SiNHs fabricated are vertically aligned. Figure
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1(g) shows the tilted view of the 1 lm SiNH structure coated
with PEDOT polymer of 120 nm thick. Note that PEDOT
is found mainly on the top surface of the SiNH structure and
does not penetrate into the holes. This is similar to the case
of PEDOT coated on SiNWs, where PEDOT does not penetrate into the gaps between the SiNWs.3
Figure 2 shows the reflectance spectra of the SiNH
structure with different D. For comparison, the reflection of
a planar Si wafer was measured and shown in the inset of
Fig. 2. The reflectance of planar Si is generally high and
over 30%, due to the large difference between the refractive
indices of the silicon substrate and air. In contrast, the reflectance is significantly reduced for the SiNH structures with
different depths over the solar spectrum of interest from
k ¼ 300 nm to 1100 nm. At D of 0.5 lm, the reflectance is
relatively high with an average value of 12.6%. At such a
small D, the light harvesting ability of the nanostructure is
relatively weak. It is found that the reflectance reduces with
increasing D from 0.5 to 2 lm, mainly due to the stronger
light trapping ability at greater hole depth.13,14 As the

FIG. 1. (a) Ag nanosphere formed
upon laser annealing, (b) top view
SEM of the nanohole structure with D
of 1 lm, (c)–(f) cross-sectional views
SEM of the nanohole structure with
hole depth of 0.5 lm, 1 lm, 2 lm, and
4 lm, respectively, and (g) tilted view
SEM of the SiNH structure coated the
PEDOT:PSS on top.
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FIG. 2. Reflectance spectra of the SiNH structures with different hole
depths.

dimension of the SiNH structure is comparable with the
wavelength of main spectrum of sunlight, there is strong
scattering within the SiNH structure which prolongs the
effective optical path length and traps light.15 When D
increases further to 4 lm, the average reflectance does not
decrease, but increases slightly instead, attributed to the
rougher surface formed. This can be seen from the SEM
image of the surface with D ¼ 4 lm, as shown in Fig. 3, compared to the surface of the structure with a smaller D ¼ 1 lm,
as shown in Fig. 1(b). With longer etching time, the surface
where there is no Ag nanoparticle reacted with the solution
resulting in a rougher surface.
Figure 4 shows the IPCE of the SiNH hybrid solar cell
with different D. Among them, the cell with D ¼ 2 lm has
the highest IPCE, and it peaks at 68.1% at k ¼ 590 nm. The
high IPCE results from the lowest reflectance observed for
this structure. At D ¼ 0.5 lm, the IPCE is low which is consistent with the high reflectance as seen in Fig. 2. It is
observed that for D ¼ 4 lm, the IPCE drops even below that
for D of 0.5 lm, which is not in accordance with their reflectance results shown in Fig. 2. This lower IPCE at shorter
wavelength is attributed to a higher recombination rate for
the photo-excited minority carriers,3 arising from the rougher
and more defective surface. Such surface also contributes to
a higher series resistance because of the poorer contacts
formed between Si and PEDOT:PSS and results in lower

FIG. 3. Top view SEM of the nanohole structure with D of 4 lm.
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FIG. 4. IPCE of the SiNH hybrid solar cells with different hole depths.

IPCE. It is noted that the IPCE at k > 800 nm is generally
lower and comparable for all the cells with different D. This
is because the wavelength is larger than the dimensions of
the SiNHs, and hence, the scattering of light is weaker. The
absorption thus occurs deeper in the Si substrate and is less
dependent on the SiNH depth. Besides, there is increased
absorption of light in the PEDOT:PSS film in this wavelength range.16
Figure 5 shows the current-density-voltage (J-V) curves
of the SiNH hybrid solar cells with different D, under the
illumination of the standard AM 1.5 G irradiation with a total
energy density of 100 mW/cm2. Table I summarizes the
PCE, short circuit current (JSC), open circuit voltage (VOC),
and fill factor (FF) of the cells. Four samples were studied
and characterized for each cell, and the results presented represent the average values of the samples. The PCE increases
with D and reaches a maximum of 8.3% for the cell with
D ¼ 1 lm. It then decreases as D is further increased and
exhibits a value of 5.6% at D ¼ 4 lm. As for VOC, it is relatively stable and varies between 0.52 V and 0.55 V. The JSC
increases initially and reaches a maximum of 25.7 mA/cm2
at D ¼ 2 lm, before it decreases with increasing hole depth,

FIG. 5. Current-density-voltage (J-V) curves of the SiNH hybrid solar cells
with different hole depths under the illumination of the standard AM 1.5 G
irradiation.
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TABLE I. Summary of the photovoltaic parameters.
SiNH depth (lm)
0.5
1
2
4

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

24.0
25.0
25.7
23.7

0.52
0.55
0.54
0.52

46.1
60.4
46.0
45.1

5.7
8.3
6.3
5.6

which is consistent with the IPCE results. On the other hand,
the FF increases from 46.1% to 60.4% as D increases from
0.5 lm to 1 lm. This is because as the hole depth increases,
the light absorption ability is enhanced due to a strong scattering effect. Most of the light will be absorbed at the top of
the sample where the SiNH structure exists. Hence, the
effective minority carrier diffusion length is reduced which
facilitates carriers collection17 and gives rise to a high FF at
D of 1 lm. However, at larger D of 2 and 4 lm, the FF drops
to only 46.0% and 45.1%, respectively. With longer etching
time, the surface becomes rougher and more defective,
leading to increased surface recombination and higher series
resistance. This is consistent with the series resistances calculated based on the slopes of the J-V curves (dJ=dVjV¼VOC )
in Fig. 3, which are 9.4, 4.1, 8.5, and 10.4 Xcm2, respectively, for the cells with D ¼ 0.5, 1, 2, and 4 lm.
In conclusion, a simple and low cost approach for fabricating hybrid SiNH solar cells has been proposed. The SiNH
structure, which is produced with laser thermal annealing
and electroless chemical etching process, demonstrates
strong light absorption ability. Hybrid cell devices with different hole depths have been fabricated. The optimized structure is identified with a hole depth of 1 lm, which reveals the
highest power conversion efficiency of 8.3%. Cells with longer hole depth lead to poorer performance because of the
rougher surface and higher series resistance arising from the
poor contact. It is believed that the cell performance can be

further improved through optimizing the SiNH structural
dimensions such as the hole diameter and spacing, and the
spin coating speed which controls the thickness of the
PEDOT:PSS layer. Note that the fabrication technique can
also be easily adapted to Si thin film solar cell to improve its
cell efficiency.
We acknowledge the financial support given by the
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Economic Development Board.
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