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Abstract
Silicon (Si) nanostructure-based photovoltaic devices are attractive for their excellent optical and
electrical performance, but show lower efficiency than their planar counterparts due to the
increased surface recombination associated with the high surface area and roughness. Here, we
demonstrate an efficiency enhancement for hybrid nanostructured Si/polymer solar cells based
on a novel Si honeycomb (SiHC) structure using a simple etching method. SiHC structures are
fabricated using a combination of nanosphere lithography and plasma treatment followed by a
wet chemical post-etching. SiHC has shown superior light-trapping ability in comparison with
the other Si nanostructures, along with a robust structure. Anisotropic tetramethylammonium
hydroxide etching not only tunes the final surface morphologies of the nanostructures, but also
reduces the surface roughness leading to a lower recombination rate in the hybrid solar cells. The
suppressed recombination loss, benefiting from the reduced surface-to-volume ratio and
roughness, has resulted in a high open-circuit voltage of 600 mV, a short-circuit current of
31.46 mA cm−2 due to the light-trapping ability of the SiHCs, and yields a power conversion
efficiency of 12.79% without any other device structure optimization.

Keywords: silicon nanostructures, hybrid solar cells, TMAH, surface etching, efficiency
enhancement

(Some figures may appear in colour only in the online journal)

Introduction

Semiconductor nanostructures can reduce the volume of
absorbers by providing excellent light absorption as well as
light scattering and trapping. Solar cells with arrays of
nanowires or nanoholes can also improve the carrier collec-
tion efficiency from a radial p–n junction geometry by
decreasing the path length, which relaxes the quality
demand of the materials. Silicon (Si) nanostructure-based
photovoltaic devices have attracted wide interest due to their
excellent optical and electrical performance [1–5]. There
are various methods for fabricating Si nanostructures,
including vapor-liquid-solid growth, supercritical-fluid-
based growth, solution-based growth, reactive-ion etching,

electron beam lithography and metal-assisted chemical etch-
ing [6, 7].

Low-temperature-processed Si/polymer hybrid solar
cells are intensively studied these days due to their unique
advantages such as easy fabrication, potentially low cost and
simple facility compared with the traditional Si solar cells.
Si/poly (3, 4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) hybrid solar cells are specially favored due to
the excellent properties of the polymer. Si nanowires [8–13],
pyramids [14–16], nanocones [17] and hierarchical structures
[18–20] are extensively adopted in the hybrid solar cell and
considerable progress has been made with power conversion
efficiencies (PCEs) of over 11%. However, nanostructure-
based solar cells usually suffer from severe surface
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recombination problems due to their high surface-to-volume
(S/V) ratio property, which results in a relatively low open-
circuit voltage (Voc) and a modest short-circuit current (Jsc).
Most of the previously reported Si nanostructure-based hybrid
solar cells exhibit Voc well below 600 mV, while their planar
counterparts can show a Voc exceeding 640 mV [21, 22]. A
hybrid Si nanocone/polymer solar cell with an efficiency of
11.10% shows a Jsc of 29.60 mA cm−2 due to the better
antireflection and light-trapping properties, but only a Voc of
550 mV, even employing a highly doped n+-backside-field Si
layer [17]. Si/PEDOT:PSS hybrid solar cells using hier-
archical structures consisting of micropyramids and nano-
wires achieve an efficiency up to 11.48%, exhibiting a Jsc of
34.46 mA cm−2 and a Voc of 520 mV [19]. A two-step surface
treatment process is carried out to remove impurities and
passivate the Si nanowires to reduce the recombination loss,
and the Si nanowire/PEDOT:PSS hybrid device shows a
higher Voc of 580 mV and a PCE of 12.4% [23]. For all these
methods, either a complicated process or an unstable organic
materials/SiOx layer is needed to address the recombination
problem, which may hinder their future application.

In this study, we developed a Si honeycomb (SiHC)
structure using nanosphere lithography and chemical surface
etching, and this was demonstrated as a good nanostructure
for hybrid Si/PEDOT:PSS solar cells. SiHC has shown
enhanced light-trapping ability in comparison with the other
Si nanostructures, and a much more robust structure com-
pared with the relatively fragile nanowires or nanocones due
to the conical-frustum geometry of each single unit. The
anisotropic tetramethylammonium hydroxide (TMAH) etch-
ing not only tunes the surface morphologies of the nanos-
tructures, but also smoothes the surface, thus resulting in a
lower recombination rate in the hybrid solar cells. It has been
reported that a nanostructure-based all-inorganic black-Si
solar cell has achieved a confirmed 18.2% efficiency by
suppressing Auger recombination in the heavy doping region
and simultaneously controlling surface area by TMAH etch-
ing [2]. In our hybrid SiHC/PEDOT:PSS solar cells, the
suppressed recombination loss benefiting from the reduced
S/V ratio and roughness has resulted in a high Voc of
600 mV, a Jsc of 31.46 mA cm−2 due to the light-trapping
ability of the SiHCs, and a PCE of 12.79% is yielded under
air mass (AM) 1.5 G illumination without any other device
structure optimization. A 59% enhancement in efficiency has
been achieved compared with the hybrid solar cell without
TMAH treatment, and the Voc is one of the record values for
reported Si nanostructure/PEDOT:PSS solar cells.

Experiments

For SiHC nanostructure fabrication, hexagonal close-packed
monolayer polystyrene (PS) nanospheres (360 nm in dia-
meter, Nano-Micro Tech) were self-assembled on the surface
of water and then loaded onto a 300 μm n-type Si (100)
substrate with a resistivity of 0.05 ∼ 0.1Ω cm. All the Si
substrates were previously ultrasonically cleaned in acetone,
ethanol and deionized (DI) water for 20 min, followed by

immersion into a piranha solution of H2SO4/H2O2 at 115 °C
for 1 h to ensure hydrophilic surfaces without any residual
material. After the evaporation of water, the PS nanosphere-
loaded wafer was then transferred into the chamber of an
inductively coupled plasma (ICP) etcher (Oxford Instrument,
Plasmalab 80 plus). The SiHCs with PS tips were fabricated
using a mixture of SF6 (40 sccm), CF4 (30 sccm) and O2

(10 sccm) gases at a radio frequency power of 150W and
process pressure of 50 mTorr. The samples were subsequently
ultrasonically treated in chloroform for 20 min to remove the
PS residuals and cleaned in a piranha solution. The as-treated
samples were then rinsed by deionized water and immersed
into 5 vol% HF buffered solution for 5 min to remove the
SiOx on the Si surface. Then, 1 vol% TMAH solution was
used at room temperature to decrease the surface area and
roughness of the Si nanostructures for different times. The as-
prepared SiHCs were spin-coated with highly conductive
PEDOT:PSS (Clevios PH1000) mixed with 5 wt% dimethyl
sulfoxide (DMSO) and 1 wt% Triton X-100 (surfactant) at
3000 rpm for 1 min, and then annealed at 125 °C for 20 min in
glovebox. Finally, 200 nm-thick silver finger grids with a
shading ratio of ∼10% were thermally evaporated onto
PEDOT:PSS as the front electrode and 200 nm-thick alumi-
num as the rear contact, with a total active area of 0.5 cm2.

The morphology of SiHCs on the planar Si substrate was
characterized with a FEI Quanta 200 FEG high-resolution
scanning electron microscope (SEM). Reflection spectra were
measured using an integrating sphere (PerkinElmer Lambda
700). Solar cell characteristics were tested by a source meter
(Keithley 2612) and a solar simulator (Newport 91160) under
AM 1.5 G conditions at an illumination intensity of
100 mW cm−2, calibrated by a Newport standard Si solar cell
(91150). A Newport monochromator 74125 and power meter
1918 with Si detector 918D were used to measure the external
quantum efficiency (EQE). Minority carrier lifetime was
based on a microwave detected photoconductance (MDP)
technique with steady-state photogeneration (MDPmap,
Freiberg Instruments GmbH).

Results and discussion

Figures 1(a) and (b) show a 4 × 4 cm2 Si substrate with SiHC
and the corresponding SEM image of the SiHC structures.
The color gradient is due to white light scattering in the
periodic honeycomb arrays, demonstrating the excellent uni-
formity of the structures. The SEM image clearly shows not
only the high order of the hexagonally distributed SiHC, but
also the good surface morphology after TMAH treatment,
which will be discussed later. The device with electrodes
appears blue under 45-degree lamp illumination (figure 1(c),
but changes color when the light incident angle is changed.
Figure 1(d) shows the SEM image of SiHC coated with
PEDOT:PSS in the hybrid device, which indicates a uniform
film coverage of the honeycomb structures. This is attributed
to the additional advantage which the flat-top surface of
the structures has over the tapered nanocone or nanowire
geometry.
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Figure 2 shows the top-view SEM images of the as-
fabricated SiHCs with PS on the top using different plasma
treating times. The diameters of the PS nanospheres slightly
decrease when the etching time is 30 s, but the close-packed
morphology tends to become unclosed and the exposed Si is
being etched, as shown in figure 2(a). When the etching time
increases to 90 s, the diameters of the nanospheres as well as
the top part of the SiHCs apparently decrease to ∼160 nm
(figure 2(b)). In this process, the increase of the plasma-
etching time not only etches away the PS, but also the side-
walls of the SiHC. The diameters of the PS decrease to
∼80 nm after 120 s etching, and when the time is 150 s, the
PS along with the SiHCs are almost etched off with only tiny
residuals left. The reflectance of the sample increases rapidly
according to its visually shallow color (figures 2(c), (d)). This
shows the good uniformity as well as the precise size control
of the as-fabricated SiHCs.

Physical etching methods, such as the use of plasma,
always result in a rough surface along the sidewalls of the
nanostructures. The reactive-ion etching induced surface
damage is also considered to deteriorate the short-wavelength
photocurrent response and decrease the Voc of a solar cell
[24]. Surface cleaning and TMAH wet etching are employed
to remedy surface imperfections in order to improve the
electrical properties. Figures 3(a) and (d) show a top view and
45-degree-tilted view of the SEM images of the SiHCs after
plasma etching for 90 s. The diameters of the top part of the

SiHC are slightly smaller than the PS nanospheres due to the
sidewall etching of the Si. Some pinholes are observed at the
bottom part of the structures, as pointed out by the red circle
in figure 3(b). The surface is relatively rough after plasma
etching and surface cleaning (figure 3(e)). There are two main
differences before and after 60 s TMAH wet etching for SiHC
nanostructures. First, the edges of adjacent units increase and
the top part becomes tapered; second, the sidewalls are
smoother (figures 3(c), (f)). The morphology changes offer a
few advantages: a wider spacing between adjacent units
favors better infiltration of PEDOT:PSS since the polymer is
macromolecular and can hardly penetrate into the narrow
adjacent space of the nanostructures. Widening the adjacent
nanostructure unit space improves the physical contact
between Si and the organic layer. In addition, the smoother
surface and lower surface-to-volume (S/V) ratio can drama-
tically reduce the recombination rate, which can eventually
improve the device performance.

Figure 4 depicts the effects of different TMAH etching
times on the electrical and optical properties of SiHC hybrid
solar cells (0 s, 30 s, 60 s, 90 s). The electrical output char-
acteristics of the cells are extracted by measuring the current
density–voltage (J–V) characteristics, both under simulated
AM 1.5 illumination at 100 mW cm−2 and in the dark.
Figure 4(a) shows the J–V characteristics of the SiHC hybrid
solar cells with and without TMAH etching and the photo-
voltaic parameters are summarized in table 1. Without TMAH

Figure 1. (a) Optical image of a 4 × 4 cm2 substrate with SiHC and (b) the corresponding SEM image after treatment in TMAH solution; (c)
optical digital image of a hybrid solar cell under 45-degree lamp illumination and (d) the corresponding SEM image. The scale bars are
500 nm for (b) and 1 μm for (d), respectively.
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Figure 2. Top-view SEM images of the as-fabricated SiHCs with PS under different plasma-etching times. (a) 30 s; (b) 90 s; (c) 120 s; (d)
150 s. The scale bars are 500 nm in all images.

Figure 3. SEM images of the SiHC in different fabrication processes. (a) Top view and (d) 45-degree-tilted view of honeycomb arrays with
PS after 90 s plasma etching; (b) top view and (e) 45-degree tilted view of honeycomb arrays without PS corresponding to (a) and (d); (c) top
view and (f) 45-degree-tilted view of honeycomb arrays after 60 s TMAH etching corresponding to (b) and (e). The scale bars are 500 nm in
all images. The red circle in (b) points out some pinholes left at the bottom part of the nanostructures after plasma etching.
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etching, the hybrid solar cell exhibits a Voc of 500 mV, a Jsc of
25.52 mA cm−2, and a fill factor (FF) of 0.63, resulting in an
overall PCE of 8.02%. Even the reflectance of the untreated
SiHC structures is as low as 10% from a 500 nm to 1100 nm
wavelength (figure 4(c)); the Jsc is still low due to the
recombination-induced current loss as well as poor contact

between Si and PEDOT:PSS. The Voc increases to 559 mV
after a 30 s etching time and saturates at 600 mV for an
etching time of 60 s. The Jsc also increases by 20% after 30 s
of TMAH etching, growing to 31.46 mA cm−2 after 60 s of
etching, which is a 23% increase. With improvements in the
Voc, Jsc and FF, the SiHC hybrid solar cell etched for 60 s

Figure 4. TMAH etching time versus electrical and optical properties of SiHC hybrid solar cells. TMAH etching times are 0 s, 30 s, 60 s and
90 s, respectively. (a) J–V characteristics under simulated AM 1.5 illumination of SiHC hybrid solar cells; (b) log J-V characteristics of the
SiHC hybrid solar cells in the dark; (c) reflectance spectra of SiHCs; (d) EQE spectra of the SiHC hybrid solar cells.

Table 1. Electrical output characteristics of the hybrid cellsa, the corresponding minority carrier lifetime and the surface-to-volume (S/V) ratio of the Si
samples based on different TMAH etching times.

Etching Time (s) Voc (mV) Jsc (mA cm−2) Fill Factor PCE (%) Teff (μs) S/V Ratio

0 500 25.52 0.63 8.02 7.6 1.70
493 ± 5.19 25.31 ± 0.16 0.61 ± 0.010 7.61 ± 0.50

30 559 30.73 0.64 11.01 9.0 1.65
552 ± 6.33 30.31 ± 0.31 0.63 ± 0.006 10.56 ± 0.41

60 600 31.46 0.67 12.79 10.4 1.42
594 ± 5.52 30.99 ± 0.17 0.66 ± 0.009 12.11 ± 0.56

90 559 29.43 0.66 10.89 9.5 1.52
555 ± 3.89 28.68 ± 0.25 0.64 ± 0.013 10.22 ± 0.34

a
Data and statistics are based on five devices for each condition. Numbers in bold are the maximum values.
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yields a PCE of 12.79%, exhibits a 59% efficiency
enhancement. However, a longer etching time of 90 s results
in a decline of the performance, partially due to the increasing
reflectance (figure 4(c)). The corresponding J–V character-
istics measured in the dark are shown in figure 4(b). The
current densities in forward and reverse bias of the device
with TMAH etching are lower for devices without etching,
which result from the lower carrier recombination rate at the
organic-Si interface with reduced roughness, and the lower
saturation current density eventually leads to a larger Voc. The
improvement in the Jsc could also be attributed to the fol-
lowing reasons in our case: light-trapping ability combined
with reduced surface recombination rate. Figure 4(c) shows
the reflectance spectra of the SiHC with and without TMAH
etching. The reflectance of the nanostructures increases
rapidly at around 350 nm wavelength after TMAH etching,
and becomes stable at ∼17% and ∼20% in a wavelength
range from 450 nm to 1100 nm for 30 s and 60 s etching,
respectively. The variation in reflectance probably arises from
the reduced diameter and tapered top of the SiHC nanos-
tructures. This demonstrates that the light-trapping ability of
the nanostructures is weakening instead of becoming stronger
after the etching, which excludes the light-enhanced element
in the current. Inspection of the external quantum efficiency
(EQE) shown in figure 4(d) confirms the Jsc enhancement
after TMAH etching, even with a higher reflectance. We
hence attribute the increased Jsc to the reduced surface
recombination rate of the device, which results both from the
reduced surface recombination of the nanostructures and the
better physical contact with PEDOT:PSS.

To analyze the effects of TMAH etching on the electrical
properties of a nanostructured surface, spatial mapping of the

minority carrier lifetime teff( ) measurements were carried out.
The measured teff in Si are lifetimes consisting of bulk
and surface components, expressed as t t= +1 1eff bulk

+ dS Seff
F

eff
B( ) , where tbulk is the Shockley–Read–Hall bulk

recombination lifetime, Seff
F and Seff

B are the effective surface
recombination velocities at the front and back surfaces,
respectively, and d is wafer thickness. Since all samples use
the same wafer and are treated in the identical plasma con-
ditions, the variations of measured lifetime should reveal the
front-surface recombination properties which are determined
by the TMAH etching time. As shown in figure 5 and table 1,
the minority carrier lifetime of the sample without TMAH
etching is 7.6 μs, corresponding to an S/V ratio of 1.70. Once
etched in TMAH for 30 s, most of the plasma-induced
roughness and flaws are trimmed off by the gentle chemical
wet etching, and the S/V ratio decreases to 1.65, accom-
panied by an improved carrier lifetime of 9.0 μs. The carrier
lifetime of the sample etched for 60 s increases to 10.4 μs due
to the reduced surface defects, which results from both the
reduced S/V ratio (1.42) and the smoothed nanostructure
surface. But longer time treatment will subsequently lower the
lifetime due to the further etching of the bottom gaps of the
nanostructures, which could offset the benefits from the
nanostructure itself. The carrier lifetime of the sample falls
slightly to 9.5 μs after etching for 90 s, along with an S/V
ratio of 1.52. This may well explain the Voc dependence of the
hybrid solar cell on etching time. Up to a certain level, the
output property of a solar cell depends on many complicated
elements. In our case, the final performance of the hybrid
solar cell is mainly determined by the trade-off between
surface recombination and light reflection.

Figure 5. Minority carrier lifetime mapping of four samples with different TMAH etching times of (a) 0 s; (b) 30 s; (c) 60 s; (d) 90 s. All
sample sizes are 1 cm × 1 cm.
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Conclusion

In conclusion, we have demonstrated a novel SiHC nanos-
tructure and shown its application in a SiHC/PEDOT:PSS
hybrid solar cell. The highly periodic nanostructure array is
fabricated by a combination of a facile nanosphere litho-
graphy process and TMAH post-wet etching. The surface
roughness of the nanostructures is greatly reduced and a low
S/V ratio is achieved after a 60 s wet etching. All of the
parameters of the disposed hybrid devices are improved due
to better physical contact and a lower surface recombination
rate. An enhanced efficiency of 12.79% was achieved with a
high Voc of 600 mV due to the improved junction quality, a
Jsc of 31.46 mA cm−2 from the good light-trapping ability of
the SiHCs, and a modest FF of 0.67. An improvement of 59%
has been achieved compared to devices without wet etching,
which demonstrates the benefits of the facile post-treating
process. We believe that the hybrid solar cells would be
further improved by optimizing the geometries of the hon-
eycomb arrays, the contact with electrodes and the properties
of the polymer.
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