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ABSTRACT

Nanostructured crystalline silicon is promising for thin-silicon photovoltaic devices because of reduced material usage and
wafer quality constraint. This paper presents the optical and photovoltaic characteristics of silicon nanohole (SiNH)
arrays fabricated using polystyrene nanosphere lithography and reactive-ion etching (RIE) techniques for large-area
processes. A post-RIE damage removal etching is subsequently introduced to mitigate the surface recombination issues
and also suppress the surface reflection due to modifications in the nanohole sidewall profile, resulting in a 19% increase
in the power conversion efficiency. We show that the damage removal etching treatment can effectively recover the
carrier lifetime and dark current–voltage characteristics of SiNH solar cells to resemble the planar counterpart without
RIE damages. Furthermore, the reflectance spectra exhibit broadband and omnidirectional anti-reflective properties,
where an AM1.5G spectrum-weighted reflectance achieves 4.7% for SiNH arrays. Finally, a three-dimensional optical
modeling has also been established to investigate the dimension and wafer thickness dependence of light absorption.
We conclude that the SiNH arrays reveal great potential for efficient light harvesting in thin-silicon photovoltaics with
a 95% material reduction compared to a typical cell thickness of 200 mm. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In recent years, solar energy plays an important role
because of the rising cost of fossil fuels [1]. The majority
of commercial solar cells are based on crystalline silicon for
its non-toxic, abundant material resources, and long-term
stability. Today’s manufactured silicon solar cells have a
typical thickness above 200mm, which makes up to 40%
of the total cost of the module [2]. As a result, the industry
focuses on decreasing the wafer thickness and utilizing
low-grade materials such as multi-crystalline silicon to bring
down the cost. However, low-grade thin-silicon solar cells
may suffer from several problems, including insufficient
light absorption and poor carrier collection [3]. Therefore,
new cell architectures need to be explored to address these

issues. Over the past few years, nanostructured solar
cells, in particular, silicon nanorods and nanoholes, have
become a promising candidate for the evolution toward
thin-substrate technologies [4–7]. The advantages of
employing silicon nanostructures are multifold because
of multiple efficiency enhancement mechanisms. The
nanoscale textures buffer the abrupt refractive index
difference between air and silicon via a tapered structural
profile, offering broadband anti-reflection and light-trapping
solutions to thin solar cells [8–11]. Moreover, the radial
p–n junction configuration in nanostructures offers a
perpendicular carrier collection path to the light absorption
path, which allows the use of low-grade materials with a
short diffusion length [12]. Among the proposed structures,
the silicon nanohole arrays have theoretically shown better
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light absorption than nanorods because of the strong optical
diffraction and coupling [13,14]. However, the nanoscale
texturing can only be beneficial when the enhanced
light absorption surpasses the recombination via surface
states due to increased surface area, which had rarely
been investigated [15,16]. In this paper, we present
the optical and photovoltaic characteristics of silicon
nanohole solar cells. The fabrication of silicon nanohole
arrays is demonstrated on a full 5-inch wafer using
polystyrene nanosphere lithography and reactive-ion etching
(RIE) techniques. A post-RIE wet etching is also introduced
to remove the surface damages, which improves the surface
reflection and internal quantum efficiency (IQE) con-
siderably. Consequently, the short-circuit current density
and power conversion efficiency are enhanced by 7.9%
and 6.3%, respectively, compared with a NaOH-etched
planar counterpart. Finally, a rigorous coupled-wave
analysis (RCWA) method is also used to investigate
the light absorption of SiNH arrays as a function of
the periodicity, etch depth, and wafer thickness for
thin-silicon photovoltaics.

2. METHODS

The fabrication of silicon nanohole arrays involved
polystyrene nanosphere lithography followed by RIE.
As illustrated in Figure 1, a 5-inch crystalline silicon
wafer oriented along <100> with a thickness of 200mm,
and a resistivity of 0.6–10Ω cm was first immersed in a
50% NaOH solution at 80 �C for 5min for saw-damage
removal and planarization. Next, polystyrene nanospheres
were prepared at a purity of 10wt% with an alcohol solvent
and spun-cast on the silicon wafer with a spinning speed of
~3000 rpm to form a monolayer of nearly close-packed

hexagonal arrays. The spheres were subsequently shrunken
using RIE under a CHF3/O2 gas flow rate of 5/5 sccm to
reduce the diameter, leading to hexagonal arrays that were
no longer close-packed. The periodicity and diameter of
nanohole arrays are determined by the original and reduced
diameter of polystyrene spheres, which were 1mm and
600nm, respectively. Afterward, a 30-nm-thick nickel film
was thermally evaporated as an etch mask, and the residual
polystyrene spheres were removed with an ultrasonic
alcohol bath. Here, an Anelva ILD-4100 helicon-wave
etcher (Anelva. Corp., Tokyo, Japan) was used with a radio
frequency and bias power of 1000 and 50W, respectively,
under a 5-mtorr pressure with 80-sccm CF4. The etching
rate was approximately 2 nm/s. During the etching process,
the unprotected silicon was gradually etched away, and the
remnant silicon formed nanohole arrays. The nickel film
was then dissolved in a boiling nitric acid bath. Next,
a damage removal etching (DRE) process was introduced
to remove the ion-bombardment induced surface damages
during plasma etching [17–19]. The etching of silicon
was carried out from a two-step process: oxidation of silicon
into SiO2 by nitric acid and then dissolution of SiO2 by HF.
The DRE was performed in a solution mixture with a
volume ratio of HF :HNO3 :H2O=2:48:100 for various
etching times.

The fabricated SiNH and a planar reference substrates
were then processed into cells via a conventional processing
sequence. First, the p–n junction formation was performed
in a quartz tube furnace with a liquid POCl3 source at
900 �C, followed by dipping in dilute hydrofluoric acid
to remove the phosphosilicate glass layer. After that, an
80-nm-thick silicon nitride (SiNx) layer was deposited for
surface passivation and also served as an anti-reflective
coating using a plasma-enhanced chemical vapor deposi-
tion (PECVD) system. The PECVD system was operated

Clean wafer Spin-cast nano spheres Shrink diameters

Deposit metal mask Reactive ion etchingRemove metal mask

Si wafer

Figure 1. Schematic fabrication processes of silicon nanohole arrays.
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with a radio frequency power of 35W and a frequency of
13.56MHz under a controlled pressure of 100 Pa at 300 �C.
The gas flow rates for SiH4, NH3, and N2 were 20, 10, and
490 sccm, respectively. The metallization was completed by
screen printing with a silver grid and full-area aluminum for
frontal and rear contacts, respectively. The cells were then
sent to a fast-firing belt furnace with a peak temperature of
770 �C for electrode co-firing. Finally, the edge isolation
was achieved with a 532-nm Nd:YAG laser scriber and
the cell area was defined as 1.5 cm2.

The junction profile was revealed by using a wet
chemical technique based on the selective etching rate
for layers with different doping concentrations, followed
by a subsequent examination under a scanning electron
microscope (SEM) [20]. The junction depth of the reference
cell was first quantitatively characterized by using secondary
ion mass spectroscopy (SIMS). Next, the planar reference
and the nanohole solar cell with a 10-s DRE treatment
are dipped in a mixture with a volume ratio of HF
(49%) : HNO3 (65%) : CH3COOH (100%) = 3:6:16 for
2 s, respectively. In both samples, the SiNx passivation
layer serves as a protection layer to ensure that the
etching takes place on the cross-section instead of the
front surface.

The power conversion efficiency was carried out by
using a class A solar simulator with an illumination con-
dition of 1000W/m2 for the AM1.5G solar spectrum.
The temperature was maintained at 25� 1 �C by using a

balanced cooling water and heat plate system. Before
measurement, the intensity was calibrated with a refer-
ence cell from Fraunhofer Inc. (Plymouth, MI, USA) to
ensure that the irradiance variation is within 3%. The
external quantum efficiency (EQE) system used a 300W
Xenon light source (Newport Inc., Irvine, CA, USA) with
a spot size of 1mm� 3mm and calibrated with a silicon
photodetector from Newport (Irvine, CA, USA). The
angle-resolved reflectance measurement was performed
with a motor-controlled rotational stage and an integrating
sphere to collect the specular and diffused reflected light at
various angles of incidence (AOIs).

3. RESULTS AND DISCUSSION

We used nanospheres with a diameter of 1 mm to define
the periodicity and subsequently reduced to 600 nm for
the nanohole diameter. The depths were chosen to be
350, 600, and 1800 nm, controlled by adjusting the
etching time for 180, 300, and 1000 s, respectively. The
morphology of fabricated SiNH arrays was examined
using a SEM and shown in Figure 2. First, Figure 2(a)
shows the uniformly distributed shrunken polystyrene
nanospheres in a hexagonal arrangement. Figure 2(b and
c), respectively, shows SiNH arrays with both a diameter
and depth of 600 nm from fabricated cells before and
after the DRE treatment (10 s). The insets show the

(a) (b)

(c) (d)

Figure 2. Scanning electron microscopic images of (a) polystyrene nanosphere arrays with a period of 1mm and a diameter of 600nm. (b)
The fabricated SiNH arrays with a diameter and a depth of both 600nm. The inset shows a cross-sectional view. (c) The condition of (b)
with an additional 10-s damage removal etching (DRE). The inset shows the sidewall profile after DRE. (d) Photograph of fabricated SiNH
arrays demonstrated on a 5-inch wafer, where the light dispersion indicates the uniformity across the full wafer. Scalar bars are in 1mm.
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corresponding cross-sectional view of side walls. Because
of an isotropic etching mechanism in the nitride acid
and HF solution, the top edges of the nanohole have a
relatively high etching rate, leading to a tapered sidewall
profile. Figure 2(d) shows a photograph of the fabricated
SiNH arrays with a 4-inch circular area on a 5-inch wafer.
The grating-like light dispersion indicates the uniformity
of the process, which is scalable for large-area solar
cell manufacturing. The cross-sectional junction profile
is demonstrated via a selective wet chemical etching
technique, where the etched cross-sectional morphology
of the planar reference cell is shown in Figure 3(a). We
observe two iso-concentration lines (dotted lines) at
depths of approximately 150 and 300 nm. Overlaying
the SEM picture with a SIMS data of the same cell makes
the two yellow dotted lines correspond to a doping
concentration of ~1� 1019 and ~6� 1017 cm�3. On the
basis of the SIMS data, as the gradient of the doping
concentration within the first 100 nm is very sharp and
the pre-deposition of the P2O5 dopant layer on the
nanostructured surface may not be uniform, the doping
profile of nanoholes after the drive-in process is difficult

to predict. Nevertheless, the selective etching technique
can still reveal two iso-concentration contours (dotted
lines) on the cross-section of the fabricated silicon
nanohole sample with a 10-s DRE treatment, as shown
in Figure 3(b), after quickly etching for 2 s. The selec-
tively etched arc profiles confirm that a graded doping
concentration indeed occurs around the sidewalls of
nanoholes, indicating a partial radial field distribution
for carrier separation and collection. Further characteriza-
tions are still required to determine the junction depth.

We first show the current–density voltage, reflectance,
and EQE characteristics of SiNH cells with different aspect
ratios before the DRE treatment in Figure 4(a and b). The
measured SiNH cells have a periodicity and a diameter of
1mm and 600 nm, respectively, and various etch depths
of 350, 600, and 1800 nm. As seen in Figure 4(a), all
the samples perform worse than the reference cell with
a NaOH-etched planar surface. Both the open-circuit
voltage and the short-circuit current density are decreased
with the increased nanohole depth because of increased
surface defects. Nevertheless, as seen in Figure 4(b), the
deeper nanoholes exhibit lower surface reflection than the

100 nm 350 nm

(a) (b)
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Figure 3. Delineation of the junction profile by using awet chemical-selective etching technique: (a) the planar reference cell overlaying the
dopant profile obtained by a secondary ion mass spectroscopy, and (b) the SiNH solar cell with a 10-s damage removal etching treatment.

The dotted lines denote the two iso-concentration contours.
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Figure 4. (a) The current–density voltage characteristics, (b) the external quantum efficiency (EQE), and reflectance spectra of SiNH
solar cells with a diameter of 600 nm and various etch depths of 350, 600, and 1800 nm. A NaOH-etched planar counterpart is used

as the reference. The insets show the cross-sectional images corresponding to the data lines.
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reference, particularly for wavelength below 500 nm and
above 800nm. The lowered reflectance for SiNH samples
is not reflected in the photocurrent output. The EQE analysis
(Figure 4(b)) further shows the deterioration of short-circuit
current density occurred in the short-wavelength range,
indicating that the photogenerated carriers are recombined
at nanohole surfaces and reduced the IQEs of the cells.
Moreover, as the nanohole surface is also a heavily doped
n-type layer, the Auger recombination may also take
place, leading to a decreased photocurrent. Similar
characteristics have been observed for crystalline silicon
solar cells with nanowire surface textures using a silver-
induced etching technique [21,22]. However, we believe
that the surface recombination in our device is dominant,
as the IQE characteristics are almost recovered after
the DRE.

In general, the silicon surface exposed to RIE suffers
from physical and chemical damages. These damages
include ion bombardment, radiation damages by UV
photons and high energy electrons as well as chemical
residues contamination, and polymer formation by chemical
species. The damaged silicon surface consists of a thin

plasma residual layer followed by a lattice-damaged Si layer
and a plasma impurity-diffused layer [23]. Therefore, proper
surface treatments and passivation methods are necessary to
overcome the surface damage-induced performance degra-
dation. However, conventional methods such as annealing
and thermal oxide involving a high temperature process tend
to degrade the wafer quality [24]. Directly stripping the
damaged Si surface by wet chemical etching is the most
effective way to improve the surface quality [25]. Among
various options, anisotropic alkaline etching such as KOH
and NaOH were avoided because of texturing the planar
surface and attacking nanostructures. Isotropic etching
involving an oxidation and dissolution process in HF/
HNO3/H2O solutions was therefore preferred for the
DRE. Figure 5 shows the solar cell performance of SiNH
arrays with and without the DRE treatment for 5 and 10 s.
The SiNH dimensions are referred to Figure 2(b) with an
etch depth of 600 nm. Figure 5(a) shows the measured
current–voltage characteristics of the best performing
cells. The averaged characterizations of three devices
and the error ranges are presented with a calculated 95%
confidence interval in Table I. We observe a clear
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Figure 5. Characteristics of the reference and SiNH cellswith and without the damage removal etching (DRE). (a) The current–density
voltage under a simulated 1-sun AM1.5G illumination. (b) The reflectance spectra at normal irradiance measured with an integrating
sphere. The insets show the photographic images of fabricated cells. (c) The measured external quantum efficiency (EQE) and (d)

extracted internal quantum efficiency (IQE) spectra using the expression, IQE=EQE/(1�R).
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improvement in the open-circuit voltage (Voc) and short-
circuit current density (Jsc) with the DRE treatment. The
measured reflectance spectra at normal illumination
incidence are shown in Figure 5(b), where the reflectance
of SiNH reveals a broadband anti-reflective property. The
insets show the photographs of the reference cell and the
SiNH cell with a depth of 600 nm with a DRE time of
10 s. The reference cell exhibits a blue surface because
of high reflectance at 400~500 nm wavelengths, which
is typical with a standard single-layer anti-reflective
coating designed for destructive interference at 600 nm.
In contrast, the SiNH cell appears deep black to human
eyes. As shown in Figure 2(c), the reduced reflectance
results from a change of morphologies, which better fit
to a graded refractive index profile [26]. The EQE spectra
shown in Figure 5(c) demonstrate that the DRE treatment
can effectively recover the short-wavelength response. As
a result, the photogenerated current and power conversion
efficiency are much enhanced, compared with those
without the DRE treatment, and also superior to the
planar reference counterpart. To decouple the influence
of optical absorption and carrier collection properties with
and without the DRE treatment, IQE spectra are also
calculated using the expression: IQE =EQE/(1�R). The
IQE is defined as the number of carriers collected to
that of photons absorbed in the active layer. The surface
and bulk recombination loss can therefore be analyzed
in the IQE spectra. As shown in Figure 5(d), the reduced
IQE due to dry etch is recovered with the DRE treatment,
where the improvement is positively correlated with
the treatment time. Moreover, it can be seen that the
IQE improvement mainly lies on the blue side of the
spectra. As the short-wavelength photons are mostly
absorbed on the surface because of high absorption
coefficient, the amount of surface defects plays an
important role in the collection of short-wavelength
photogenerated carriers. By directly stripping the
damaged Si surface and sub-surface layer using wet
chemical etching, we can recover the IQE characteristics
closer to those of the planar reference, which did not
involve dry etching.

The recovery of surface conditions with the DRE
treatment is further supported by an effective carrier
lifetime measurement via microwave reflection photo-
conductance decay (m-PCD) for SiNH arrays covered
with a SiNx layer. The measurement uses a laser
with a wavelength of 904 nm at an injection level of
1015 cm�3, and the average lifetimes of the planar

reference, SiNH without DRE, and with DRE for 5
and 10 s are summarized in Table II. The planar refer-
ence shows an effective lifetime of 25.5ms, in contrast
to 17.5 ms for SiNH arrays without DRE. As shown in
Table II, the carrier lifetime is gradually improved and
reaches 23.0 ms after a 10-s DRE treatment, which is
closer to that of the planar reference when taking into
account the increased surface area of nanoholes. Similarly,
the surface conditions of SiNH solar cells can also be
reflected in the dark current–density voltage characteristics,
as shown in Figure 6(a). We extract the ideality factor as a
function of the bias voltage using Equation (1) for various
SiNH samples and plotted in Figure 6(b):

1
n
¼ kT

q

� �
d lnJdark
dV

� �
(1)

where n is the ideality factor, k is the Boltzmann
constant, T is the temperature, q is the charge of an
electron, Jdark is the measured current density in dark,
and V is the bias voltage. As shown in Figure 6(a),
the linear current characteristics at the reverse bias
and the large ideality factor (n> 2) at forward bias in
Figure 6(b) indicate the occurrence of multiple recombi-
nation mechanisms besides the Shockley–Read–Hall
recombination. Several studies have identified that the
origins of current with n> 2 are edges and local non-
linear shunts on the surface [27,28]. Because of the
small cell area, the fabricated cells including the planar
reference have a large perimeter-to-area ratio, where the
edge recombination current induced by laser cut
damages is considerable, leading to non-ideal diode
behaviors. Moreover, we can also see that the peaks
of ideality factors for SiNHs without the DRE treatment
are shifted towards high bias, compared with the planar
counterpart. As surface damages result in mid-gap
defect levels, this phenomenon can be well explained

Table I. The current–voltage characteristics of the reference and SiNH solar cells with and without the DRE treatment.

Structure Voc* (V) Jsc* (mA/cm2) Fill factor* (%) Efficiency* (%)

Reference 0.590� 0.003 29.2� 0.1 64.8� 0.8 11.2� 0.2
SiNH (no DRE) 0.561� 0.002 25.2� 0.2 66.1� 2.0 9.34� 0.4
SiNH (DRE 5 s) 0.587� 0.004 29.1� 0.7 64.9� 1.4 11.1� 0.5
SiNH (DRE 10 s) 0.590� 0.003 31.5� 0.3 64.1� 0.8 11.9� 0.2

*The statistics present the error range of three measured samples with a 95% confident interval.

Table II. Effective carrier lifetime of the planar reference and
SiNH arrays with different DRE times.

Structure Effective lifetime (ms)

Reference 25.5
SiNH (no DRE) 17.5
SiNH (DRE 5 s) 21.6
SiNH (DRE 10 s) 23.0
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by recombination via deep donor–acceptor pairs occur-
ring in heavily defected regions induced by the mechan-
ical damages of RIE [29]. Therefore, by stripping away
the damaged surfaces, the ideality factors of the SiNH
cell involving the DRE treatment become similar to
those of the planar reference again, and the diode prop-
erties in dark are recovered compared with the sample
without RIE damages.

To summarize the photovoltaic characteristics of SiNH
solar cells, it is worth noting that the suppressed surface
reflection and recombination via the DRE treatment play
a more important role than the formation of a radial junc-
tion profile in the present SiNH solar cells. Although
Figure 3(b) reveals an arc junction profile around the
sidewalls of the nanohole array, it is challenging to pre-
cisely control the doping depth in forming a nanoscale
core–shell junction via POCl3 diffusion. Because the
fabricated SiNH solar cells use a monocrystalline silicon
wafer with a doping concentration of ~5� 1015 cm�3

and a diffusion length above 100 mm, the measured
photocurrent mostly comes from bulk absorption, and
the demand for a radial field is relieved. However, the

proposed DRE method is essential and fully compatible
to the fabrication of silicon nanostructures involving
core–shell junctions and low-grade materials.

Another unique optical property for SiNH arrays is
their omnidirectional anti-reflection. Sunlight impacts to
the solar panel with a gradually rotational incident angle,
about 15�/h and reaches normal incidence with respect to
solar panel at noon. Therefore, in a non-tracking system,
the reflectance needs to maintain low at various incident
angles for sustained electricity production for the entire
day. To analyze the reflectance characteristics at different
angles of incidence, the angle-resolved reflectance spectra
were measured for the reference and the SiNH cell with
a 10-s DRE treatment as shown in Figure 7(a and b),
respectively. The color bars represent the reflectance
from low (blue) to high (red). The SiNH cell exhibits
broadband low reflectance not only at normal incidence
but also at large AOIs, represented by the enlarged blue
area. To obtain an overall figure of merit, we calculated
the AM1.5G solar spectrum-weighted reflectance for
various SiNH samples as a function of the AOI up to
�60�, which corresponds to the sun position from 8 A.
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M. to 4 P.M. The AM1.5 G solar spectrum-weighted
reflectance is calculated using Equation (2):

< R θð Þ >¼

Z 1000nm

400nm
R l; θð ÞIAM1:5G lð Þdl

Z 1000nm

400nm
IAM1:5G lð Þdl

(2)

where R(l, θ) is the measured reflectance at an incident
angle of θ and wavelength l; IAM1.5G is the photon flux
density of the AM1.5 G spectrum [30]. <R(θ)> denotes
the weighted angular reflectance over the wavelength
range of l= 400 to 1000 nm, as shown in Figure 7(c).
At the normal illumination incidence, the reference and
the SiNH samples with various DRE times: 0, 5, and
10 s exhibit <R>= 8.6%, 7.3%, 6.6%, and 4.7%, respec-
tively. It is clear that the SiNH array with a 10-s DRE
treatment shows the best broadband and omnidirectional
anti-reflective properties, which are very suitable for the
daily operation of solar panels.

Optical management for single or multi-crystalline silicon
solar cells today may soon face two challenges when wafer
thickness is reduced below 100mm. First, the microscale-
texturizing technique commonly used for the commercial
products may restrain its applicability to thin silicon with a
thickness of only tens of micrometers. Second, the anisotropic
etching mechanism is also not preferred for multi-crystalline
silicon because of randomly distributed crystal orientations.
The SiNH arrays hold great potential as a substitute surface
texture for low-grade thin-silicon solar cells. To further esti-
mate the potential value for light harvesting of the SiNH arrays
in thin-silicon film, an RCWA method was developed to
calculate the wafer thickness dependence of photocurrent
output. The RCWA technique is widely used to analyze the
forward and backward diffraction of electromagnetic waves
propagating through periodic sub-wavelength structures, such
as gratings and photonic crystals [31,32]. In the simulation, we
choose an equal amount of transverse-electric and transverse-
magnetic polarizations to represent the randomly polarized
sunlight in order to model nanostructures with polarization-
dependent optical properties.As schematically shown inFigure8
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Figure 8. (a) Schematic illustration of the three-dimensional optical model. The dotted box represents the simulated unit cell to comply
with the periodic boundary condition. (b) The calculated photocurrent density Jsc of SiNH cells as a function of the periodicity and the
etch depth for a 200-mm-thick and (c) for a 5-mm-thick wafer. The white star denotes the dimensions of fabricated SiNH cells. (d) The

wafer thickness dependence of Jsc and the corresponding enhancement factor defined as Jsc,SiNH/Jsc, flat.
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(a), a three-dimensional optical model was constructed
with close-packed hexagonal nanohole arrays, where the
simulated unit cell is indicated in a dotted box to comply
with the periodic boundary conditions on the horizontal
plane. The model includes a SiNx anti-reflective layer
with the measured material refractive index obtained
from an n&k analyzer (n&k Technology, Inc., San Jose,
CA, USA) and an aluminum rear contact for back
reflection with parasitic absorption taken into account.
The calculated absorption of the silicon active layer was
then expressed as the short-circuit current density by
integrating over the AM1.5G spectrum using the following
Equation (3):

Jsc ¼ e

hc

Z 1200

300
l� IQE lð Þ � Abssim lð Þ½ � � IAM1:5G dl

(3)

where e is the charge of an electron, h is Plank’s constant,
c is the speed of light, IAM1.5G is the intensity of AM1.5G
spectrum, and Abssim represents the calculated absorption
of silicon nanoholes. Here, the IQE(l) was assumed to be
unity as an ideal situation that all absorbed photons are
contributed to current output without losses. Hence, the
absorption ability can be directly evaluated by the calcu-
lated Jsc values. We first investigate the dimension depen-
dence of the output photocurrents from SiNH arrays with
two different wafer thicknesses of 200 and 5 mm. As the
DRE process modifies the sidewall profile slightly, for
simplicity, we take the top and bottom diameters as 85%
and 60% of the period, respectively. The ratios roughly
agree with the dimensions of fabricated SiNH arrays
shown in 2c. The period of choice varies from 300
to 1200 nm, and the nanohole depth from 1 to 5 mm.
As shown in Figure 8(b), a maximum photocurrent of
>45mA/cm2 is achieved with a wafer thickness of
200 mm for periods between 700 and 900 nm and a depth
above 700 nm because of superior anti-reflection for
optically thick wafers. Therefore, a nanohole depth of
700 nm is sufficient to harvest most of the sunlight without
auxiliary surface recombination with deeper holes. For
thin wafers, the nanohole structures are effective to
provide both anti-reflection and light trapping, particularly
when microscale textures based on alkaline anisotropic
etching are no longer applicable. Figure 8(c) shows that
an optimal photocurrent, as high as 36mA/cm2, is still
possible with a wafer thickness of 5 mm, which occurs at
a depth of 750 nm and a period ranging from 700 to
900 nm. It is illustrative from the plot that the periodicity
of nanohole arrangement must be around the wavelengths
of interests for thin-silicon wafers. Moreover, deeper
holes do not result in a higher photocurrent output in a
5-mm-thick wafer because of a reduced active material
volume and an increased parasitic absorption loss to the
back aluminum contact. Figure 8(d) shows the calculated
wafer thickness dependence of the Jsc diagram for the flat
reference with a single-layer SiNx anti-reflective coating

(Jsc,flat) and for SiNH arrays with a period of 800 nm and
depth of 750 nm (Jsc, SiNH). To examine the differences
for thin-substrate devices, an enhancement factor defined
as Jsc, SiNH/Jsc,flat is also calculated, as shown in Figure 8
(d). We observed that when wafer thickness is above
100 mm, the changes in the enhancement factor are small
and mainly attributed to the anti-reflective property of
SiNH arrays. On the other hand, when wafer thickness
is below 100 mm, the light-trapping property has con-
siderable influence to optical absorption. Therefore, the
excellent photon management capability of SiNH arrays
starts to outperform the conventional approach, where an
enhancement by as high as 40% is achieved with a wafer
thickness of 2 mm. Below 2 mm, the enhancement factor
starts to decrease because of the parasitic absorption of
the aluminum back contact, which is also a result of strong
light trapping. Overall, it is found that SiNH arrays with
thickness of 10 mm has an identical current output as the
flat surface reference with a typical thickness of 200 mm,
indicating a 95% reduction of the material usage.

4. CONCLUSIONS

In summary, solar cells based on silicon nanohole arrays
have been demonstrated, which exhibit broadband, omnidi-
rectional anti-reflective properties, and yet sacrificed IQE. A
damage removal wet etching was introduced to reduce dry
etching-induced surface damages and further suppresses
the reflection because of a morphology modification. As
a result, the nanohole sample achieved an AM1.5 G
spectrum-weighted reflectance of 4.7%, leading to a
photocurrent increases from 25.2mA/cm2 to 31.5mA/cm2

for cell with the damage removal treatment. A compre-
hensive optical model was also established to study the
dimension and wafer thickness dependence of light
absorption. The nanohole arrays reveal great potential
for light harvesting in thin-silicon substrate with a 95%
reduction of material usage compared with a typical cell
with a wafer thickness of 200 mm.
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