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Light absorption in a photovoltaic device becomes critical as the thickness of an absorber layer is
decreased to reduce cost. To enhance light absorption, photon management at the nanoscale has
been studied because conventional methods, which are based on micrometer-sized structure, do not
work well for thinner solar cells. This article reviews recent progress in photon management on the
nanoscale for increasing light absorption in Si solar cells. The methodology for the absorption
enhancement will be discussed, followed by advances in nanofabrication techniques that make the
methodology a scalable and viable solution. The authors conclude with a discussion of the
challenge of photon management schemes and future directions for light trapping in ultra-thin Si
C 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4759260]
solar cells. V

I. INTRODUCTION
One of the most critical challenges facing human society is
how to fuel the global economy in an era of exceptional
growth, while reducing the amount of greenhouse gases, such
as carbon dioxide, being emitted. Energy security is another
major challenge in its own right: more than 80% of global oil
and natural gas reserves are located in a few of countries, but
most of them are located far away from the major energy consumers.1 In contrast, renewable energy resources, such as solar and wind, can be accessed easily in most of the world. In
particular, the solar energy delivered to the earth per year, 23
000 terawatt (TW), is three-order magnitude larger than the
energy consumed in the world per year, 16 TW, which indicates that photovoltaic systems have the potential to play an
essential role in addressing the challenge of climate change,
as well as offering important energy security benefits. For
power generation, low-cost fossil fuel has, however, been preferred to renewable energy because of the latter’s higher cost.
In order for a photovoltaic system to be a more attractive
energy solution, its cost must be significantly reduced. For
instance, the module cost of the silicon (Si) photovoltaic system, of which 80–90% of the current photovoltaic industry
consists, needs to be reduced by at least more than 50%,
according to the U.S. Department of Energy.2
To make cost-effective photovoltaic systems, thin-film
solar cells, which have an absorber layer with a thickness
less than 5 lm, have been developed. For example, copper
indium gallium selenide (CIGS) solar cells fabricated on
cheap soda-lime glass substrates have achieved the power
a)
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conversion efficiency of 20.3%.3 This high efficiency at the
small size cells is significant: it implies that low-cost thinfilm solar cells are able to compete with Si solar cells in
terms of power conversion efficiency. Another example is
cadmium telluride (CdTe) solar cells, which is a leading
technology in decreasing the photovoltaic system cost: they
have reduced a manufacturing cost of modules to less than
$1/Watt in 2011 with a cell efficiency above 17% and a
module efficiency above 14%. Also, more than a gigawatt
scale of the installation of CdTe solar cells has resulted in
business success. However, these inorganic thin-film solar
cells have limitations: indium (In) and tellurium (Te), which
are components of CIGS and CdTe solar cells, are not available in sufficient quantities to support the world’s fastgrowing energy demand. Other thin-film solar cells have
been developed from organic materials. Polymer-based or
small molecule-based cells are attractive as low-cost photovoltaic devices because they can be fabricated at low temperatures, less than 200  C, on cheap and flexible substrates.
In particular, the efficiency of polymer-based solar cells has
increased from 5% to more than 10% within the last five
years.4,5 However, significant improvement of efficiency is
still needed and the long durability of most organic solar
cells is still a question to guarantee stable power conversion
efficiency over 20 years,6,7 which is a standard warranty period for a photovoltaic system. Niche applications for organic solar cells may emerge, but their segment in the whole
photovoltaic industry would not be significant. Due to all of
these drawbacks of thin-film photovoltaic technologies, Si
solar cells, which have no limitation for use in terms of
abundance, toxicity, and stability, will likely continue to be
a major player in the industry.
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The highest power conversion efficiency of a singlecrystalline Si solar cell is 25%, which is close to the theoretical limit, 30%.8,9 The Si solar cell with the world-record in
efficiency has micrometer-sized inverted pyramids on the
front surface covered with double-layer antireflection coating.10,11 This structure decreases reflection and scatters
incoming light into large angles, but the required thickness
of the Si is still approximately 300 lm. In order to decrease
the Si thickness by 50–95%, there needs to be a smart design
to improve the light absorption in a thin Si layer. The conventional surface texturing used for a crystalline Si solar cell
is too large to be implemented in thin Si devices. Therefore,
various light trapping schemes on the nanoscale have been
developed. In addition, effective light trapping can allow us
to use material with a higher impurity level, which is less expensive. This lower-quality material has shorter carrier diffusion length, which indicates that the absorber layer should be
thin enough to collect photon-generated charge carriers
effectively. Light trapping on the nanoscale allows a thin
layer of low-quality Si to not only absorb more light but also
extract photon-generated charge carriers with minimal loss.
Thin Si also effectively concentrates the sunlight for possible
efficiency enhancement. This article will review the work of
nanoscale photon management in Si solar cells mainly based
on our own work. We will include single crystalline, nanocrystalline and amorphous Si.
II. METHODOLOGY
Light absorption in a material can be increased by two
mechanisms: antireflection from the surface and lightscattering inside the material. When the material is thick
enough to absorb most of the light in a single path, the former effect plays a major role in the enhancement of light
absorption. However, for a thin material, both effects must
be considered and studied to maximize the enhancement of
light absorption.
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value of the refractive index, but also by having a thickness
that produces destructive interference of the incoming light.
However, the coating layer is effective only within a limited
spectrum of light at a certain incident angle. Further reduction of reflection can be achieved by depositing multiple
layers with graded refracted indices.14,15 In order to have a
structure with an ideally graded index profile, the surface
texturing on the nanoscale has been studied to find appropriate tapered structures.16–21 Figure 1(a) shows the effective
refractive index profiles of three different structures of
amorphous Si (a-Si:H): planar structure, nanowires, and
nanocones. The effective refractive index changes more
gradually as the structure changes from the planar one to
nanowires, and to the nanocones. Because the gradual
change of the refractive index minimizes the reflection [the
numerator in Eq. (1) approaches zero], the nanocones can
achieve higher light absorption than other structures, as
shown in Figs. 1(b) and 1(c). Especially, the absorption data
plotted as a function of the incident angle [Fig. 1(c)] demonstrate the importance of the nanostructures for solar cells. A
planar solar cell needs to keep facing the Sun for absorbing
as much sunlight as possible during the day because the light
absorption decreases significantly as the incident angle of
light deviates from zero. However, a solar tracking unit can
increase the cost of a photovoltaic system; thus, it is normally used only for concentrator applications. This additional cost can be saved by the nanocone structure; when the
incident angle of light increases from zero to 60 , the light
absorption in the nanocone structure remains over 90%, but
that of the planar structure decreases from 80% to 50%. In
addition, the superior antireflection effect of the nanocones
compared to the conventional double-layer antireflection
coating has the potential to decrease the material thickness
by more than a factor of 10. As shown in Fig. 1(d), a 50 lm
thick Si substrate with 400-nm height nanocone arrays has
higher absorption than a 500 lm thick Si substrate coated
with a double antireflection layer.22

A. Photon management: antireflection

Reflection of light, R, at an interface of two media is
caused by the difference in their refractive index, expressed
as
R¼



n1  n2 2
;
n1 þ n2

(1)

where n1 and n2 are the refractive indices of the two media.
Standard transparent glass reflects approximately 4% of visible light (400–1200 nm wavelength), which is due to the difference in the refractive index, 1.0 for air and 1.5 for glass.
A flat silicon surface without any antireflection layer reflects
approximately 40% of light at the 600 nm wavelength. One
common method for reducing the reflection is to add an antireflection coating layer whose refractive index is between
those of the substrate and air. For conventional crystalline Si
solar cells, a film of silicon oxide (SiO2) or silicon nitride
(Si3N4) is deposited for the antireflection layer.12,13 This film
reduces the reflection not only by providing the intermediate

B. Photon management: light-scattering

Light scattering inside the absorber material is another
method for the improvement of light absorption. The absorption coefficient of a material decreases exponentially as the
wavelength of incident light increases: for example, the
coefficient of Si is 1.2  105 cm1 at 400 nm wavelength,
and 9.5  102 cm1 at 800 nm.23 In order to absorb most of
the incident light in a thin layer, the light needs to be scattered so that its optical path length increases as much as possible inside the material. Si, in particular, has a relatively
low absorption coefficient, compared to other semiconductors, such as gallium arsenide (GaAs) or germanium (Ge):
for 800 nm wavelength of light, the coefficients of GaAs and
Ge are 1.3  104 cm1 and 4.9  104 cm1, respectively.23
Thus, for a conventional Si solar cell, various textured structures in microscale have been studied for the light scattering.24–26 Among these structures, a random textured
structure (i.e., a Lambertian structure) is known to be the
most effective one: the optical path length can be enhanced

J. Vac. Sci. Technol. A, Vol. 30, No. 6, Nov/Dec 2012

Downloaded 29 Oct 2012 to 128.12.122.16. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions

060801-3 Jeong, Wang, and Cui: Nanoscale photon management in silicon solar cells

FIG. 1. (Color online) (a) Schematics of nanostructures with effective refractive index profile. (b) and (c) Optical abosprtion data. Measured absorption
data of 1 lm thick amorphous Si with three different structures as a function
of (b) wavelength and (c) incident angle. (d) Calculated absorption data of
crystalline Si nancones with different thickness of substrates and crystalline
Si planar structures with and without antireflction coating layers. Figures
reproduced with permission: (a)–(c) from Zhu et al., Nano Lett. 9, 279
(2009). Copyright # 2009 by American Chemical Society; (d) from Jeong
et al., Nano Lett. 12, 2971 (2012). Copyright # 2012 by American Chemical Society.
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by a factor of 4n2, where n is the refractive index of the medium. This is called the Yablonovitch limit.27,28 Recently,
there have been studies demonstrating that nanostructures
can achieve the enhancement factor beyond the Yablonovitch limit.29–31 The roughness of the Lambertian structure
is far larger than the wavelength of light, thus the Yablonovitch limit cannot be applicable to the light trapping effect
from nanostructures. In this section, we review the light trapping effect on various periodic nanostructures with a
sequence of nanowires, nanoholes, nanocones, nanodomes,
and nanoshells.
Ordered nanowire arrays provide the effects of scattering
and collective resonances of the incident light, which can
improve the light absorption. The absorption enhancement
depends on several properties, such as nanowire length, diameter, and the filling ratio. In particular, the light absorption at
long wavelengths are strongly dependent on the diameter of
nanowires: Si nanowires with a diameter larger than a couple
of hundred nanometers absorbed more light than a Si slab
with a thickness equivalent to the length of the nanowires, but
thinner nanowires absorbed much less light.32–35 Because the
filling ratio was constant, this absorption difference should be
explained by optical properties of nanowires. Both thinner
and thicker nanowires absorbed most of short-wavelength
light within less than 3 lm-long wires.32,33 Although the array
of nanowires is geometrically porous, the light-absorbing
cross section of a nanowire is bigger than its geometric cross
section and the optical interactions between neighboring
nanowires can suppress the transmission of short-wavelength
light.36 The absorption difference between thinner and thicker
nanowires becomes noticeable as the wavelength becomes
longer than 550 nm. Light with long wavelengths is likely to
be confined in an empty space between thinner nanowires, but
as the diameter of the nanowire increases, the confined field
in the empty space penetrates more into the wire, increasing
the absorption. Calculations showed that an array of 200–
400 nm radius Si nanowires with a filling ratio of 0.3–0.6
could achieve the highest light absorption.32,35 Garnett et al.
experimentally demonstrated that the optical path length was
enhanced by a factor of 73 with a design of 390 nm diameter
nanowires separated by 530 nm.31 They also studied the correlation between the roughness factor (RF) and the light trapping effect. RF was defined as the actual surface area of the
structure divided by the geometric area. From the photocurrent data, they concluded that trapping efficiency clearly
increased with the RF, which, they suggested, might result
from photonic crystal enhancement effects of the ordered
nanowire arrays (Fig. 2).
As an inverse structure of nanowires, Si nanoholes (or
nanowells) were also demonstrated for the improvement of
light absorption.37–39 The nanoholes showed similar properties of light absorption compared to nanowires: light absorption increased as the filling ratio of Si decreased or the lattice
constant increased. The lower filling ratio meant less difference of refractive index between air and the Si nanostructure,
which decreased reflection. Also, the larger lattice constant
meant increased number of waveguide modes inside the Si
nanostructures. In particular, Leung et al. demonstrated that
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FIG. 3. (Color online) (a) Calculated absorption 2D contour of 700 nm wavelength light. Inset is a schematic of ordered nanowells with 2 lm depth.
(b) and (c) Diffraction pattrens of (b) 1 lm and (c) 700 nm nanowell arrays
generated by 650 nm diode laser. Figures reproduced with permission from
Leung et al., Nano Lett. 12, 3682 (2012). Copyright # 2012 by American
Chemical Society.
FIG. 2. (Color online) (a) and (b) Cross-sectional SEM images of (a) 2 lm
long and (b) 5 lm long Si nanowires fabricated from 7.5 lm thick Si membrannes. (c) The characteristics of Si nanowire array solar cells fabricated
from an 8 lm thick Si layer with three different roughness factors (RF)
comapred to a planar structure (RF ¼ 1). Figures reproduced with permission from Garnett and Yang, Nano Lett. 10, 1082 (2010). Copyright # 2010
by American Chemical Society.

the light absorption could be maximized when the diameter
of nanowells was matched to the wavelength of light, as
shown in Fig. 3(a).39 When the diameter of nanowells was
much smaller than the wavelength, most of light was
reflected from the surface. In contrast, when the diameter
was much larger than the wavelength, light was reflected
from the bottom of the nanowells, which resulted in low
absorption. The 2 lm-deep nanowells with a diameter similar to the wavelength absorbed 97.2% of the incident light.
In addition, they also investigated the diffraction patterns of
light (650 nm wavelength) from two arrays of nanowells:
one with 1 lm diameter nanowells [Fig. 3(b)] and the other
with 700 nm diameter nanowells [Fig. 3(c)]. When a grating
structure diffracts the incident light to propagate along the
absorber layer, the larger diffraction angle indicates the longer optical path length.40–44 From the simulated and measured data, the latter structure of nanowells had higher
diffraction angle (73 from simulation) than the former
structure (47 from simulation). The intensity of the diffraction pattern from the latter structure was much lower, thus
the picture in Fig. 3(c) was taken from the sample side in
much darker environment. With a proper design, the 50 nmthick amorphous Si deposited on a template of Al nanowells
achieved 94% of light absorption integrated over the wavelength range of 300–720 nm in AM 1.5 spectrum.

The tapered nanostructures, such as nanocones or nanotips, can also scatter the incident light effectively into the
substrate. Because the gradual change of the refractive index
leads to the antireflection effect, the preferred tapered nanostructures have sharper morphology for more gradual variation, as indicated in Eq. (1). However, as the absorber
thickness was decreased to tens of micrometers, it was found
that the sharper nanocones were not the best choice for light
absorption in a thin-film solar cell. Jeong et al. compared the
enhancement factor of light absorption of nanocones with
different aspect ratios (height/diameter of a nanocone).22 For
a 500 lm thick Si substrate, higher-aspect-ratio nanocones
led to higher photocurrent [Fig. 4(a)], but for a 50 lm thick
one, an aspect ratio close to one resulted in the highest photocurrent [Fig. 4(b)]. When the thickness of the substrate
was reduced to 10 lm, the trend became more distinct: as the
aspect ratio of the nanocones was decreased from four to
one, the light absorption was increased by 17% in the 10 lm
thick substrate [Fig. 4(c)], which was significantly higher
than 3% and 1% in the 50 lm and 500 lm case, respectively. This unexpected result can be explained by the scattering effect from the nanocones: the nanocones with an
aspect ratio close to one scatter light more laterally than
those with higher aspect ratios. This was confirmed by light
transmission through the 50 lm thick substrates with the
nanocones having different aspect ratios [Fig. 4(d)].
Ken et al. showed a further improvement of the light
absorption with a double-sided grating design, which has
nanocones on both the front and back surfaces of the substrate.45 As shown in Fig. 5, the “double-sided” structure has
an absorption spectrum very close to the Yablonovitch limit
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FIG. 4. (Color online) (a)–(c) Calculated Jsc of nanocone structures with different sizes. The total thickness of the structures is (a) 500 lm, (b) 50 lm, and (c)
10 lm. (d) Transmission data of the three nanocone structures studied in (b). Figures reproduced with permission from Jeong et al., Nano Lett. 12, 2971
(2012). Copyright # 2012 by American Chemical Society.

in the wavelength range of 300–1100 nm. In the range of
short wavelengths (300–800 nm), the “top-only” structure
has higher absorption than the “bottom-only” structure, but
in the range of long wavelengths (800–1100 nm), the former
has lower absorption. Because the substrate thickness is only
2 lm, the long wavelengths of light cannot be absorbed in a
single path; thus, the nanocones at the back scatter the light
back into the material. With the nanocones on both the front
and bottom surfaces, Ken et al. studied the optimal periodicity of the nanocones at the bottom surface based on two considerations: a larger period leads to more guided resonances,
which improves the light absorption, but each of the guided
resonance modes is likely to leak to more external channels
with larger period. Considering the trade-off between these
two requirements, the periodicity was found to be optimal
when it was close to the target wavelength of light: for Si,
the optimal periodicity of the nanocones was found to be
1000 nm because light trapping is critical for the wavelength
range, 800–1100 nm, near the band gap of Si. This property
is similar to the study of nanowells, where the light absorption is maximized as the diameter of nanowells becomes

comparable to the wavelength.39 The optimized “doublesided” Si nanocone structure is expected to yield a shortcircuit current density (Jsc) of 34.6 mA/cm2 with a thickness
of only 2 lm.
For the enhancement of light absorption in an amorphous
Si (a-Si:H) solar cell, nanodome-shaped structures have been
studied. Because the absorber layer in an a-Si:H solar cell
was very thin (less than 400 nm), nanocone arrays were fabricated on a quartz substrate, on top of which the absorber
layer, a-Si:H, was deposited. The conformal deposition of aSi:H on top of the nanocones resulted in the nanodome
shape, which can scatter light efficiently along the in-plane
dimension and enhances the optical path length inside the
absorber layer. This is particularly important for the long
wavelength regime where a-Si:H is less absorptive. Zhu
et al. demonstrated a nanodome-shape a-Si:H solar cell with
an exceptional JSC of 17.5 mA/cm2.46 In addition to the
nanodome structure, they used a silver (Ag) reflector with
nanoscale modulation to enhance the light scattering further.
Poorly absorbed light in a single path was strongly scattered
by the nanoscale-modulated Ag reflector at the back, which
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FIG. 5. (Color online) (a)–(c) Schematics and calculated optical absorption
data of thin Si substrates with (a) double-sided grating, (b) top-only grating,
and (c) bottom-only grating. (d) Schematic and calculated optical absorption
data of a planar thin Si substrate. The unit of numbers in all the schematics
is nm. The green and red lines in the absorption data represent the singlepass absorption and the Yablonovitch limit of 2 lm thick film, and the thin
and thick black lines represent the absorption data from the structures and
the running averages of the absorption, respectively. Figures reproduced
with permission from Wang et al., Nano Lett. 12, 1616 (2012). Copyright
# 2012 by American Chemical Society.

resulted in the enhanced absorption. They also performed
three-dimensional finite-difference time-domain (FDTD)
simulations to clarify the light trapping effect on the device
geometry. Figure 6 shows the simulated electric fields in the
device structure for different wavelengths. Most of the light
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with wavelengths of 400 and 500 nm is absorbed in a single
path through the a-Si:H layer. Even though the long wavelengths of light (600 and 700 nm) were not absorbed in a single path, they were strongly guided through the nanodome
structure, as shown in the last panel of Fig. 6. The absorption
loss due to the nanoscale modified Ag back reflector was
found in a separate simulation to be only 1%, which can be
neglected.
Whispering gallery mode (WGM) resonators also can be
used for the light trapping in a thin-layer of Si. The WGM
has been demonstrated in micrometer-sized glass spheres or
toruses.47–49 The light is guided around the edge by the total
internal reflection, leading to very high quality factor (Q), up
to 1010.49 WGM resonators with high-Q values have very little energy leakage and have high-frequency selectivity at the
expense of a low coupling efficiency of light into the resonator; thus, they can be used for laser cavities. In contrast, by
making a low-Q WGM resonator covered with 50-nm thick
Si, Yan et al. demonstrated up to 20-fold enhancement of
light absorption.50 The nanocrystalline Si (nc-Si) with a
thickness of 50 nm was deposited conformally over a monolayer of SiO2 nanoparticles using low-pressure chemical
vapor deposition (LPCVD) method, and the particles were
etched by hydrofluoric (HF) acid to make a shell structure of
nc-Si, as shown in Figs. 7(a) and 9(d). The incident light was
confined and guided along the shell rather than directly passing through it. The circulation (or resonance) of the light
waves along the nanoshell resulted in the increase of the optical path length, thereby substantially enhancing the light
absorption in such a thin layer [Fig. 7(c)]. The relatively
low-Q value of the Si nanoshells not only allows efficient
coupling between the incident light and resonant modes but
also broadens the resonant absorption peak, which widens
the absorption enhancement region.
Periodic nanostructures, such as nanowire, nanodome,
nanocone, or nanoshell arrays, have been suggested in the
quest to achieve higher absorption enhancement than random
structures. However, the power conversion efficiencies of the
solar cells fabricated on both periodic and random structures
were found to be equal. Corsin et al. made state-of-the-art aSi:H solar cells on top of two substrates: a periodic nanocavity
formed by colloidal lithography and a random pyramid texture

FIG. 6. (Color online) Simulated electric fields in a periodic nanodome structure of the a-Si:H solar cell for different wavelengths. Figure reproduced with permission from Zhu et al., Nano Lett. 10, 1979 (2010). Copyright # 2010 by American Chemical Society.
J. Vac. Sci. Technol. A, Vol. 30, No. 6, Nov/Dec 2012
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FIG. 7. (Color online) (a) Cross-sectional SEM image of a monolayer of Si
spherical nanoshells. Scale bar is 300 nm. (b) Simulated electric fields in the
nanoshell structure. (c) Measured optical absorption data of the nanoshells
(red line) and a planar control sample (black line). (d) Electric fields coupled
with a single Si nanoshell (inner radius Rin ¼ 175 nm, outer radius
Rout ¼ 225 nm). The resonance wavelengths are 986 nm (second order),
796 nm (third order), and 685 nm (fourth order). Figures reproduced with
permission from Yao et al., Nat. Commun. 3, 664 (2012). Copyright #
2012 by Nature Publishing Group.

formed by low-pressure chemical vapor deposition (LPCVD),
as shown in Figs. 8(a) and 8(b).51 Both cells demonstrated a
significant enhancement of the external quantum efficiency
(EQE) in the longer wavelength range compared to the flat
morphology, but they performed differently in the range of
440–640 nm; the periodic structure showed slightly lower
EQE from 440 to 540 nm than the random structure, but it performed slightly better from 540 to 640 nm [Fig. 8(c)]. Even
though there are some differences in the manner in which incident light is scattered into guided modes inside material, the
periodic and random structures finally showed the same power
conversion efficiency.
C. Fabrication: nanostructure

Nanostructures, such as nanowires, nanocones, nanodomes,
and nanoshells, have the potential to play a key role in thinfilm Si solar cells. With the rapid advance of nanotechnology,
various methods have been developed to make nanostructures,
but in order for the nanostructures to be applicable to the pho-
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FIG. 8. (Color online) (a)–(c) Cross-sectional SEM image of the a-Si:H solar
cells fabricated on (a) a periodic nanocavity structure, (b) a random pyramid
structure, and (c) a planar structure. (d) The external quantum efficiency and
reflectance of the three devices plotted as a function of wavelength. Figures
reproduced with permission from Battaglia et al., ACS Nano 6, 2790
(2012). Copyright # 2012 by American Chemical Society.

tovoltaic industry, they need to be fabricated with low-cost,
high-yield, and scalable methods. One of the common methods for making nanostructures in the semiconductor industry
is photolithography, which can easily make submicrometer
patterns. However, this well-developed, widely used technique
is expensive for making nanostructures in a solar cell. Instead,
various scalable alternatives have been developed.52–57
Among these alternatives, colloidal lithography has been
widely used because it can achieve sub-100 nm feature sizes
without complex equipment.
Colloidal lithography uses two-dimensional arrays of colloidal nanospheres or microspheres as a mask: depositing metals
or etching substrates through interstitial sites between these
particles can easily produce nanostructures without being limited by the diffraction of light.58–63 One example of colloidal lithography can be explained as following: Monodispersed SiO2
particles, with diameters from 50 to 800 nm, are synthesized by
a modified St€ober process64 and then modified with aminopropyl diethoxymethylsilane (APDEMS) in order to terminate
their surface with positively charged amine groups, which prevents aggregation of the particles. These surface-functionalized
particles are assembled into a close-packed monolayer on top
of a substrate using the Langmuir-Blodgett (LB) method.65,66
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In this method, the SiO2 particles floating on the air–water
interface are pushed together horizontally to form a closepacked monolayer, and then a solid substrate is dipped vertically into the water. As the substrate is pulled up slowly, a meniscus of water at the substrate provides a capillary force,
which drives the particles to form a monolayer on the substrate.
The particles on the air–water interface are pushed together
continuously during this process to maintain a constant input of
the particles for making the monolayer. The close-packed
monolayer of SiO2 nanoparticles on a Si substrate can be used
as a mask or template for the fabrication of Si nanostructures.
Even though the LB method has been used in various applications, the overall processing speed is not high enough to be applicable in the photovoltaic industry. Recently, Jeong et al.
developed a simple and scalable method: they applied a wirewound rod coating method, which has been used in roll-to-roll
processing in industry, to deposit close-packed monolayers or
multilayers of SiO2 nanoparticles on a variety of rigid and flexible substrates.67 In this method, as the rod is pulled over the
nanoparticle solution, a flat wet film is left on the substrate and
the thickness of the film is determined by the size of groves
between each wire winding. As the solvent evaporates gradually from the part where it is spread first, the capillary force of
the solvent gathers nanoparticles to form a monolayer. This
coating technique is simple and inexpensive, and it may lead to
a scalable path to implementation of nanostructures in various
applications.
In order to make Si nanostructures using SiO2 nanoparticles as a mask, the size of the particles needs to be tuned
first: by reactive ion etching (RIE) with a mixture of gases,
CHF3 and O2, each particle can be etched to a certain size to
be an etching mask for Si nanostructures. Unlike isotropic
SiO2 etching, Cl2 based anisotropic RIE of Si can make Si
nanowires and nanocones. Finally, SiO2 nanoparticles at the
tip of the nanostructures are etched with hydrofluoric (HF)
acid [Figs. 9(a) and 9(b)]. Due to the well-developed Si etching technology employed in the semiconductor industry, the
consistent formation of Si nanostructures over a 4-in. wafer
has been demonstrated and utilized in various applications.18,22,68,69 A wide range of Si nanostructures can be
achieved, because the diameter of Si nanostructures is determined by the size of SiO2 particles, which can be controlled
easily by synthesis methods or etching conditions. In addition, the combination of anisotropic and isotropic etching
allows a sharpening of the Si tips to a radius of curvature of
less than 10 nm.68
Si nanostructures fabricated from the colloidal lithography have been demonstrated as an efficient light absorber
for crystalline Si solar cells. However, for an amorphous
Si solar cell (a-Si:H), which is normally fabricated by
plasma enhanced chemical vapor deposition (PECVD)
with a thickness of less than 1 lm, the base substrate,
such as glass, must be nanostructured before the material
deposition. For making nanostructures on glass, metals
such as aluminum (Al) or chromium (Cr) can be a better
choice for an etching mask than SiO2 nanoparticles. At
first, a monolayer of SiO2 nanoparticles is formed on a
glass substrate, and the particles are etched to a certain
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FIG. 9. (Color online) Schematics of colloidal lithography for making arrays
of (a) nanowires, (b) nanocones, (c) nanowells, and (d) nanoshells.

size, as in the case of making Si nanostructures. Then, a
thin layer of Al or Cr is evaporated to make a metal mesh
over the glass substrate, and the particles are removed by
sonication in ethanol. Finally, the reactive ion etching of
the glass substrate through the metal mesh forms nanowell
structures, as shown in Fig. 9(c).
The colloidal lithography method is a scalable and inexpensive alternative to make nanostructures on various materials. However, this technique includes etching steps, which
can limit its applications to certain materials, such as Si or
SiO2. In a recent report about a nonetching method for making nanocone structures, Jeong et al. demonstrated the formation of tin oxide (SnOx) nanocones on various substrates,
such as Si, aluminum foil, quartz, and polyimide film, by
simple process steps: deposition and oxidation of a thin film
of tin (Sn) in low-oxygen environments.70 Annealing a thinfilm of Sn over its melting point (232  C) in an inert gas
environment with low oxygen concentration (less than
100 ppm) formed liquid-phase Sn nanoparticles. When the
Sn particles became supersaturated with dissolved oxygen,
the solid SnOx started to nucleate at the interface between
the liquid Sn and solid substrate. The combined factors of
high surface tension of the liquid-phase Sn and the consumption of Sn as SnOx was formed resulted in the formation of a
tapered SnOx nanocone structure [Fig. 10(a)]. They easily
controlled the shape of the SnOx nanocones, such as the aspect ratio (height divided by diameter), under different experimental conditions. Because the refractive index of SnOx
is approximately 2, which is between those of air and Si, the
nanocones formed on a polycrystalline Si substrate increased
the light absorption over 30% in the 400–850 nm wavelength
range compared to the planar substrate, as shown in
Fig. 10(c).70 The general idea of this method is to anneal a
thin film of metal above its melting temperature under low
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FIG. 10. (Color online) (a) Schematics and corresponding cross-sectional SEM images of the oxidation process of Sn in a nitrogen gas environment with less
than 100 ppm oxygen concentration. All scale bars are 100 nm. (b) Transmission measurement data of bare glass and glass with SnOx nanocones. (c) Absorption measurement data of polycrystalline Si substrates with and without SnOx nanocones. All the nanocones were fabricated from 50 nm thick Sn film. Figures
reproduced with permission from Jeong et al., ACS Nano 5, 5800 (2011). Copyright # 2011 by American Chemical Society.

oxygen concentrations, by which method solid-phase metal
oxide forms from the bottom to the top.

III. DISCUSSION
A. Challenges of nanostructure

The power conversion efficiency is the key parameter for
a solar cell. Enhancement of light absorption is important,
but it does not always result in efficiency improvement.
Most of the photon management schemes on the nanoscale
are likely to increase a saturation current density, which are
attributed to the increased surface area and the defects generated during the nanoscale texturing. The increased saturation
current density decreases an open-circuit voltage (VOC);71
thus, the enhancement of light may not improve efficiency.
Garnett et al. demonstrated a significant enhancement of the
optical path length through Si nanowire arrays, but the power
conversion efficiency was less than that of the planar control
device. The importance of surface passivation was explored
through the comparison of the open-circuit voltage (VOC)
and fill factor (FF) with different roughness factors. A higher
roughness factor increased the light trapping effect, which
led to higher photocurrent, but it decreased the VOC and FF
significantly [Fig. 2(c)].
For a single-crystalline Si solar cell, most of the nanostructuring for the enhancement of light absorption has been con-

ducted by a top-down etching method. On the other hand, for
an amorphous Si (a-Si:H) solar cell, whose absorber thickness
is less than 300 nm, the base substrate, such as glass, is nanostructured first, and then amorphous Si is deposited on top of
it. Therefore, the device performance can be dependent on the
morphology of the base substrate. Hsu et al. fabricated amorphous Si solar cells on different nanostructured substrates, as
shown in Fig. 11.72 Even though the final morphology of three
devices fabricated on nanopillar-, nanodome-, and nanoconeshaped substrates looked similar, their current density–voltage
characteristics were completely different: the former two
structures led to a severe deterioration of VOC and FF, but the
last one maintained high VOC and FF with a 20% increase in
JSC. The reduction in VOC and FF was related to the quality of
the amorphous Si layer. The amorphous Si layer deposited on
top of the nanopillar substrate had deviations from conformality, which were responsible for local variations in charge carrier generation and collection. The nanodome substrate did not
have the conformality issue, but it had a formation of porous,
low-density material in the V-shaped valleys between the
domes. This issue has already been shown to be responsible
for a reduction in both VOC and FF in other studies.73,74
B. Another solution: plasmonic solar cells

In order to increase the light absorption while minimizing
the increase in surface recombination, the plasmonic effect
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FIG. 11. (Color online) (a)–(c) Schematics and cross-sectional SEM images of a-Si:H solar cells on three different nanostructures: (a) nanopillar, (b) nanodomes, and (c) nanoconese. (d) The current density—voltage (J-V) characterstics of the three devices in (a)–(c). Figures reproduced with permission from Hsu
et al., Adv. Energy Mater. 2, 628 (2012). Copyright # 2012 by John Wiley & Sons.

has emerged as a promising method for photon management
on the nanoscale. Plasmons, defined as free electron oscillations at the interface between metal and dielectric, can significantly magnify the scattering of the incident light into the
guided modes of the substrate. The demonstrations of the
increase in photocurrent of a thin Si layer with metal nanoparticles without the use of texturing has resulted in numerous studies to explore the plasmonic light trapping effect for
very thin solar cells.75–84 Even though there are some disadvantages, such as unwanted charge recombinations at the
metal surface and light absorption in the metal, much progress has been made with promising solutions. More details
on the plasmonic solar cells can be found in other literature.85–89 With the development of scalable metal nanostructures and ways to minimize the disadvantages, the plasmonic
effect has the potential to be widely used for a nextgeneration photovoltaic device.

structures. Thus, nanostructuring for improved light absorption
is a promising solution for economically viable photovoltaic
devices, even though some challenges must still be addressed
before the benefits can be realized commercially. Significant
development of nanotechnology will accelerate the realization
of photovoltaic technology as a sustainable energy solution
that can support unprecedented energy needs.
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