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Efficient photon management schemes are crucial for improving the energy conversion efficiency of

photovoltaic devices; they can lead potentially to reduced material usage and cost for these devices. In

this review, photon trapping mechanisms are discussed briefly in the beginning, followed by a summary

of recent progress on a number of major categories of nanostructures with intriguing photon

management properties. Specifically, nanostructures including nanowires, nanopillars, nanopyramids,

nanocones, nanospikes, and so forth, have been reviewed comprehensively with materials including Si,

Ge, CdS, CIGS, ZnO, etc. It is found that these materials with diverse configurations have tunable photon

management properties, namely, optical reflectance, transmittance and absorption. Investigations on

these nanostructures have not only shed light on the fundamental interplay between photons and

materials at the nanometer scale, but also suggested a potential pathway for a new generation of

photovoltaic devices.
1 Introduction

Although solar energy is by far the most abundant clean-energy
resource, and photovoltaic (PV) devices can directly convert
solar electromagnetic radiation to electricity for convenient
transportation and utilization, large scale deployment of solar
PV panels to account for a signicant portion of global gener-
ation has not been feasible, primarily due to twofold reasons.
One is that the energy density of solar irradiance (�1 kW m�2)
on the earth’s surface is relatively low, so is the energy conver-
sion efficiency of the dominant PV technology, i.e. �15% for a
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crystalline Si panel. The other is that the cost of the current PV
technologies is not as competitive as that of the conventional
energy sources.1 To address these two issues, improving PV
conversion efficiency is crucial, as well as reducing the material
and module manufacturing cost. In recent years, enormous
efforts have been invested in developing a new generation of low
cost PVmaterials and novel device structures.2–4 In addition, the
fundamental interplay between photons and materials/struc-
tures down to the nanometer scale has been revisited for more
efficient light harvesting. Particularly, an assortment of nano-
structures has been fabricated with various techniques, and
their electrical and optical properties have been explored
systematically.5–14
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Fig. 1 Lambertian limit of 5 mm and 10 mm thick silicon thin films. Inset: sche-
matic of light scattering in Si films with rough surface texturing and a back
reflector.
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Notably, it has been discovered that organizing these nano-
structures into random or regular arrays leads to their unique
photon management properties, namely, tunable optical
reectance, transmittance and absorption.15–22 More impor-
tantly, properly designed nanophotonic structures have shown
the potency to demonstrate light absorption exceeding
conventional limits.23 These achievements have paved the way
for developing a new generation of PV technologies and thus
will have profound impact. In this paper, we aim to provide a
comprehensive review of recent progress on several major
categories of nanostructures with intriguing photon manage-
ment properties. These nanostructures include nanowires
(NWs), nanopillars (NPLs), nanopyramids (NPMs), nanocones
(NCNs), nanospikes (NSP), nanowells (NWLs), and nano-
particles (NPs). We will begin with a brief review of photon
trapping mechanisms in materials which serves as a back-
ground for nanostructure photon management. Then, the
fabrication and optical property investigations of the afore-
mentioned nanostructures will be discussed in detail. Particu-
larly, the different characteristics of these nanostructures will
be emphasized, and optical design guidelines for efficient light
harvesting will be presented. In the end, a summary will be
provided with perspectives on future development of nano-
structures for photon management and PV applications.

2 Light trapping theory and mechanisms

One of the traditional methods to reduce the reection loss on
the surface of a PV device and thus enhance the light absorption
is to use an anti-reection layer, including Si3N4, SiO2, etc. The
thickness of the anti-reection layer is usually designed to a
quarter of wavelength, making the phase difference of the
incident light and reected light half a wavelength, thus
reection is suppressed through destructive interference.
However, it is obvious that a quarter wavelength anti-reection
layer works the best only for an individual wavelength. What's
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more, if the incident light is oblique, the anti-reection effect
will also be weakened due to change of the light travel path.
Meanwhile, the fabrication process of an anti-reection layer
typically involves vacuum deposition equipment thus is usually
not low-cost.

Random-texturization of the surface is another way to realize
light trapping and absorption enhancement. By roughening the
device surface on the micron scale, light will be scattered on the
front surface of a PV device and then propagate into the light-
absorber material in a random direction. With a back reector
on the bottom of the device, the optical path can be further
prolonged, resulting in an absorption enhancement of up to
4n2/sin2 q, where n is the refractive index of the material and q is
half of apex angle of the absorption cone.23,24 This is known as
Lambertian limit, or Yablonovitch limit.25–29 For single
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crystalline silicon solar cells, n is about 3.5, thus the enhance-
ment factor is about 50 considering the isotropic response with
q ¼ 0.29 The Lambertian limit curves of 5 mm and 10 mm thick
silicon layers are plotted in Fig. 1. It illustrates that almost 100%
absorption is obtained in the wavelength range of 300–800 nm,
while for longer wavelengths the absorption is relatively low due
to lower absorption coefficient. Considering the high cost of
crystalline PV materials nowadays, it is of great importance to
nd a structure that can absorb light with high efficiency while
use less amount of material in the PV devices. On the other
hand, it is worth noting that reduction of the material thickness
could also result in less carrier-recombination as mentioned
before.

The development of nanostructure fabrication techniques
allows a further understanding of the interactions of photons
with materials on the nanometer scale. With a material thick-
ness of several microns or even several hundred nanometers,
nanostructures could maintain a high optical absorption close
to the Lambertian limit, or even exceed the Lambertian
limit.23,29 It was found that arrays of sub-wavelength nano-
structures can realize a smooth or stepwise transition of effec-
tive refractive index from air to semiconductor materials.30 The
effective refractive index of a nanostructured lm is dened as
neff ¼ n � FR, where n is the refractive index of material and FR
is the material lling ratio.31 Specically, for NW arrays with a
uniformNWdiameter, neff depends on the relationship between
the NW diameter and pitch. While for multiple-diameter
nanostructures or even gradually varied diameter nano-
structures like NCNs, a smoother effective refractive index
transition or even a continuous transition can be realized, thus
the reection can be reduced to a very small value.31,32

The wave nature of light enables more interesting interac-
tions between photons and nanostructures. For example, NWs
can act as dielectric resonators, so that light can be coupled into
different transverse resonance leaky modes by controlling
the diameter of NWs, thus the absorption spectrum can be
engineered.33,34 In fact, leaky mode resonances (LMR) can be
supported by not only one-dimensional (1-D) nanowires, but
also 2-dimensional planar lms and zero-dimensional (0-D)
nanoparticles.34,35 What's more, spherical nanoshells can
support whispering gallery modes, so that optical path of the
coupled light can be enhanced signicantly.36 When nano-
structures are organized into photonic crystals, some new and
interesting properties appear such as a photonic band-gap. It
has been shown that the optical absorption of solar cells can be
improved via the photonic crystal effect.37–41

Recently, plasmonics have attracted increasing attention as
well. This suggests that electromagnetic wave energy can be
localized and guided into materials with metallic nano-
structures.42–44 In brief, the plasmonic light absorption
enhancement can be implemented via three geometries, as
shown in Fig. 2.45 Firstly, metal nanoparticles can help scatter
photons into devices, as shown in Fig. 2a. Secondly, metal
nanoparticles can act as antennas to enhance the local electric
eld intensity (Fig. 2b), thus leading to enhanced absorption
locally. Thirdly, surface plasmon polariton (SPP) modes can be
excited at the interface of metal and dielectric materials, as
This journal is ª The Royal Society of Chemistry 2013
shown in Fig. 2c. The SPP modes will propagate along the
interface, and coupled electromagnetic waves can be absorbed
by semiconductor materials, if well designed. In most plas-
monic designs, noble metals like Ag and Au are chosen, while it
is believed that for large scale applications, metals with an
abundant reserve are better choices, i.e. Al, Cu, etc.45

In the sections below, light management with a variety of
nanostructures will be introduced. The goal is to identify not
only the mechanism of photon management with different
structures, but also the rational design of nanostructures for
optimal light absorption.
3 Photon management properties of
various nanostructures
3.1 Nanowires and nanopillars

3.1.1 Nanowires (NWs). NWs and NPLs can both be cate-
gorized as quasi-one-dimensional materials, while NPLs nor-
mally refer to short and vertical standing NWs. In fact, NWs
have been widely investigated and utilized for PV devices in the
past few years, with various materials including Si20,22,46–48

InAs,49 InP,50 ZnO,51 etc. Nanostructure-based PV devices usually
have large surface recombination rates compared to traditional
Si solar cells and thin lm solar cells. However, the carrier
transport ability of NWs and NPLs can be superior compared to
other nanostructures, especially nanoparticles. Law et al.
calculated that the electron diffusivity for single ZnO NWs is
0.05–0.5 cm2 s�1, which is hundreds of times larger than that of
TiO2 and ZnO nanoparticle lms.51 Generally, there are two
types of p–n junction congurations, i.e. radial junctions and
axial junctions.52,53 Compared to axial junctions, the congu-
ration of the radial (core–shell) junction can further enhance
the carrier collection efficiency, as long as the radii of the NWs
are much smaller than the minority diffusion length.53–55

Nanowires can also be embedded into thin lms to form junc-
tions, which was also proven to be an efficient way to improve
carrier collection efficiency.6

The photon management properties of NWs have been well
studied.19,34,35,48,50,56,57 Theoretical and experimental works have
shown that arrays of semiconductor NWs with well-dened
diameter, length, and pitch have tunable reectance, trans-
mittance, and absorption. Fig. 3a shows an SEM image of Si
nanowire arrays on an Si wafer reported by Garnett and Yang.46

The NW arrays were fabricated by deep reactive ion etching
(DRIE) using a monolayer lm of silica beads as a mask. The
pitch and diameter of Si NWs can be controlled by silica beads,
while the length is determined by etch time. Optical trans-
mittance measurements showed that the absorption of Si thin
lms with NW arrays on the top is much higher than their
planar counterpart with the same device thickness of about
8 mm, as shown in Fig. 3b. For the planar device, because the
absorption coefficient of Si at long wavelengths is much lower
than that at short wavelengths, the transmittance is high for
700 nm and longer wavelengths. The transmittance curve
oscillates at this part due to the interference effect. Meanwhile,
for a sample with NW arrays, the transmittance is lower than
10% from wavelengths of 400 nm to 1000 nm with a 2 mm thick
Nanoscale, 2013, 5, 6627–6640 | 6629
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Fig. 2 Three schemes of the plasmonic effect. (a) Light is scattered by metal particles in a large angle, causing the increase of the effective optical path length. (b) The
excitation of localized surface plasmons causes the enhancement of the local electric field. (c) Light is coupled by the surface plasmon polariton or photonic modes
which can propagate along the interface. (Reprinted from ref. 45, Copyright 2010 Nature Publishing Group.)

Fig. 3 (a) SEM picture of an ordered silicon NW radial p–n junction array solar
cell. (b) Transmittance spectra of silicon window structures with 5 mm (black),
2 mm (green) long NWs and without NWs (orange), with the blue curve corre-
sponding to the optical model result. The insets are backlit color images of
samples. (Reprinted from ref. 46, Copyright 2010 American Chemical Society.) (c)
2-D contours of absorption as a function of NW diameter and wavelength for
vertical Si NW arrays. The dashed line corresponds to curves in (d). (d) Absorption
curves of NW arrays with a diameter of 70 nm, 85 nm, and 120 nm. (Reprinted
from ref. 57, Copyright 2012 The Optical Society.) (e) 30-degree-tilted SEM picture
of InAs NW arrays corresponding to sample A. Below are the color images of the
different samples. (f) Electric field intensity square distributions of NW with
62.2 nm diameter at different wavelengths. (Reprinted from ref. 49, Copyright
2010 American Chemical Society.)

Nanoscale Review

Pu
bl

is
he

d 
on

 0
8 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
e 

Sa
o 

Pa
ul

o 
on

 1
3/

07
/2

01
3 

05
:1

9:
12

. 
View Article Online
NWs layer. With an NW length of 5 mm, the transmittance is
close to zero. Considering the fact that a sample with NW arrays
has less material than a planar device, the light absorption
performance of NW arrays is quite attractive.

In addition to photon absorption enhancement via scat-
tering inside an NW array, it was found that even a single NW
can demonstrate interesting photon management properties.
Cao et al. showed that certain leaky mode resonances can
occur in a single semiconductor NW, which can conne
6630 | Nanoscale, 2013, 5, 6627–6640
electromagnetic energy effectively.33 Wang and Leu also calcu-
lated the leaky modes in silicon NW arrays.57 They demon-
strated that due to symmetry matching requirements, incident
light on vertical NWs can only couple to HE1m leaky modes, as
shown in Fig. 3c. By varying the diameter of NWs, the wave-
length associated with leaky modes and the resulting transverse
resonance can be tuned. Accordingly, wavelength-selective
absorption can be realized by controlling the diameter, as
shown in Fig. 3d, which corresponds to the dashed line cross-
sections in Fig. 3c. The blue, green, and red curves are
responsible for 70 nm, 85 nm, and 120 nm diameter NWs,
respectively. The leaky mode resonances are caused by the nite
NW size and large refractive index contrast between the semi-
conductor nanowires and their surroundings, so this effect is
applicable to other semiconductor materials, i.e. Ge, amor-
phous Si, CdTe, etc.31,58 The above results are not only valuable
for PV application, but also useful for other optoelectronic
applications such as color-selective photodetectors.

Besides Si NWs, Wu et al. also reported that optical absorp-
tion of InAs NWs can be tuned by geometrical tuning.49 Fig. 3e
shows the SEM image of InAs NWs grown in a high vacuum
chemical beam epitaxy (CBE) unit by using electron beam
lithography (EBL) dened gold dots as seeds. With different
diameter and length, the colors of NW sample array devices are
different, which reveals their different optical reection spectra.
From the calculated electric eld intensity distributions in
Fig. 3f, the vertical resonance can be clearly observed. Since the
absorption coefficient of InAs decreases with increase of wave-
length, an optical absorption of 850 nm is not as strong as a
450 nm wavelength. With a proper choice of diameter, length,
and pitch, InAs NWs can also absorb either muchmore or much
less light than a thin lm counterpart, akin to Si NWs.

3.1.2 Nanopillars (NPLs). Besides NWs, NPL arrays have
been extensively and successfully fabricated for efficient photon
management and solar energy conversion with materials
including CdS, Ge, Si, InP, SiO2, and so forth.6,14,59–63 In fact,
NPLs can be more advantageous than NWs for PV applications
due to their smaller surface area and less surface recombina-
tion, which is the one of the major issues for nanostructured
solar cells.2,11 While for single-diameter NPLs (Fig. 4a), which
are similar to NWs discussed above, it was found that the
increase of the light absorptive material lling ratio leads to the
increase of reectance and the decrease of transmittance
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Schematic of hexagonal Ge NPL arrays with a single-diameter. (b) 2-D
contour of broadband absorption of Ge single-diameter NPL arrays. (Reprinted
from ref. 31, Copyright 2013.) (c) Cross-sectional SEM images of a blank AAMwith
dual-diameter pores and the Ge DNPLs (inset) after the growth. (d) Experimental
absorption spectra of a DNPL array with D1¼ 60 nm and D2¼ 130 nm, and single-
diameter NPL arrays with diameters of 60 and 130 nm. (Reprinted from ref. 16,
Copyright 2010 American Chemical Society.) (e) Schematic of hexagonal Ge NPL
arrays with multi-diameters. (f) Broadband-integrated absorption of 1000 nm
pitch Ge MNPL arrays as a function of segment number. Dashed line represents
the broadband-integrated absorption of 1000 nm pitch Ge NCN arrays.
(Reprinted from ref. 31, Copyright 2013.)
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simultaneously, with the absorption showing a strong diameter
dependency.16 The detailed relationship between the absorp-
tion of an NPL array and the NPL diameter and pitch has been
explored with nite difference time domain (FDTD) simulations
with Ge as the model material, as shown in Fig. 4b.31 It can be
seen that optimal NPL structures can be identied with the best
absorption �80%.

To further enhance the broadband optical absorption capa-
bility, multi-diameter NPL (MNPL) structures have been
studied, with smallest diameter tip for minimal reectance and
largest diameter base for maximal effective absorption coeffi-
cient.16,31 Particularly, Fan et al. have presented ordered arrays
of dual-diameter NPLs (DNPLs) with a small diameter tip and a
large diameter base for an impressive absorption of �99% of
the incident light over wavelength range l ¼ 300–900 nm with a
thickness of only 2 mm.16 Such a DNPL array was constructed via
template assisted vapor–liquid–solid (VLS) growth, utilizing
dual-diameter anodic alumina membrane (AAM) as the
template, which was achieved by a multi-step anodization and
etching process. Fig. 4c shows an up-side-down cross-sectional
SEM image of a blank AAM (i.e., before growth) with top and
This journal is ª The Royal Society of Chemistry 2013
bottom pore diameters (D1 and D2) of �40 and 110 nm, respec-
tively. Aer the subsequent VLS growth, highly orderedGeDNPLs
embedded in the aforementioned AAM with D1 � 60 nm and
D2 � 130 nm are formed (Fig. 4c, inset). The experimental
absorption spectra of the obtained Ge DNPL arrays with equal
lengths of about 1 mm for the two segments (total length of 2 mm),
together with single-diameter NPL arrays with diameter of 60 and
130 nm are plotted in Fig. 4d. The Ge DNPL array exhibits 95–
100% absorption for l ¼ 900–300 nm, which is a drastic
improvement over single-diameter NPLs (Fig. 4d).

In order to further understand light coupling, propagation
and absorption in NPL arrays, Hua et al. carried out a more
systematic investigation on the broadband solar spectrum
absorption of MNPL arrays analyzed with FDTD simulations
with Ge as the model material.31 The schematic of the Ge MNPL
arrays is shown in Fig. 4e, with the number of the segments N¼
3. The lengths/height of the NPL arrays and the NCN (Nano-
cone) arrays here are all 2 mm. It was discovered that the
broadband absorption of MNPLs approached that of NCNs
when N increases, with N¼ 7 yielding the same light absorption
level as NCNs, as demonstrated in Fig. 4f.

The above results have shown that by engineering the shape
of nanopillars, their optical absorption can be greatly improved.
On the other hand, the PV performance of nanopillar based
solar cells can still be limited by their relatively large surface
area compared to thin lm solar cells. In this case, the choice of
materials is crucial, that is, materials systems such as CdS,
CdTe which have low surface recombination velocities are
desirable as nanopillar materials.2,11,60 What's more, although
materials such as Si and GaAs have a high surface recombina-
tion velocity, decent device performance can also be achieved if
proper surface passivation schemes can be applied.64,65
3.2 Nanocones, nanopyramids and nanodomes

3.2.1 Nanocones (NCNs). NCNs have been widely consid-
ered as the optimal structure for light absorption for solar cells
because of their graded transition of effective refractive index
between the nanostructure and air.66–68 Zhu et al. reported the
fabrication of vertical hydrogenated amorphous silicon (a-Si:H)
NW and NCN arrays.22 Fig. 5a–d show the schematic of the
fabrication process of an a-Si:H nanostructure. Specically, hot
wire chemical vapor deposition (HWCVD) was utilized to grow a
1 mm thick a-Si:H lm on an indium-tin-oxide (ITO) coated glass
substrate (Fig. 5a). On top of the a-Si:H thin lm, silica nano-
particles were packed into a single layer by the Langmuir–
Blodgett method. These silica nanoparticles (Fig. 5b) served as
an etch-mask in the reactive ion etching (RIE) process, consid-
ering that the etching rate of a-Si:H is much higher than that of
silica. With different RIE conditions, either NWs (Fig. 5c) or
NCNs (Fig. 5d) can be obtained.69 Fig. 5e–g show the volume
weighted effective refractive index proles at the interface
between air and an a-Si:H thin lm (Fig. 5e), NW arrays (Fig. 5f),
and NCN arrays (Fig. 5g). NCN arrays show the best refractive
index transition from air to a-Si:H. Fig. 5h shows a photograph
of three samples: 1 mm thick a-Si:H thin lm (le), NW arrays
(middle), and NCN arrays (right) with the same device thickness
Nanoscale, 2013, 5, 6627–6640 | 6631
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Fig. 5 (a) 1-mm thick a-Si:H on ITO coated glass. (b–d) SiO2 nanoparticles on the
a-Si:H (b) thin film, (c) NWs, (d) NCNs. (e–g) Volume-weighted effective refractive
index profile at the interfaces between air and the a-Si:H (e) thin film, (f) 600 nm
NWs, and (g) 600 nm NCNs. (h) Photographs of different a-Si:H solar cell samples:
thin film (left), NW (middle) and NCN (right). (i) SEM image of a-Si:H NCNs.
(Reprinted from ref. 22, Copyright 2009 American Chemical Society.)

Fig. 6 (a) Schematic of a hybrid silicon nanocone–polymer solar cell. (b) Simu-
lated absorption curves of Si substrates (thickness T ¼ 50, 100, and 500 mm) with
nanocones (diameter d ¼ 300 nm, height h ¼ 400 nm), planar Si substrate
(thickness T ¼ 500 mm) with double antireflection layers (100 nm thick SiO2 fol-
lowed by 60 nm thick Si3N4), and a planar Si (thickness T ¼ 500 mm) substrate
without any coating. (Reprinted from ref. 32, Copyright 2012 American Chemical
Society.) (c) Double sided nanocone structure. (d) Absorption of the optimized
double sided nanocone structure which is close to the Yablonovitch limit.
(Reprinted from ref. 27, Copyright 2012 American Chemical Society.) (e) The cross-
sectional SEM image of the CIGS thin film after ion milling at 90� for 30 min. (f)
Reflection performance of the CIGS NTRs milled at 90� for 30 min. (Reprinted
from ref. 73, Copyright 2011 American Chemical Society.)
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with Fig. 5i showing the SEM of regular array of NCNs. It is
obvious that NCNs greatly suppress reection, and the
absorption spectrum measurement showed that NCNs have a
broadband and omnidirectional anti-reection effect with
absorption maintained above 93% between 400 and 650 nm.

Besides a-Si NCNs, crystalline-Si (c-Si) NCNs have also been
fabricated.27,70–72 It was found that c-Si NCNs can be combined
with conductive polymer (PEDOT:PSS) to form hybrid solar
cells, as shown in Fig. 6a.32 In this work, it was demonstrated
that the Schottky junction between the polymer and Si can
extract photon-generated charge carriers effectively. Light scat-
tering with c-Si NCNs increases the optical travel length of
photons inside the material, thus giving rise to higher light
absorption. It was found that when the aspect ratio of the
nanocone (height/diameter of a nanocone) structure was less
than two, both excellent antireection and light scattering were
obtained. As we can see from Fig. 6b, NCNs samples show
higher absorption than planar ones. The light trapping effect
that increases the optical path length becomes more prom-
inent, especially when the substrate becomes thinner.

With growing interest in designing thin lm silicon solar
cells with an active layer thickness of several micrometers, it
becomes more-and-more important to improve light absorption
in silicon thin lm for higher efficiency and lower cost. In this
regard, Wang et al. introduced a double-sided NCN grating
design (Fig. 6c) and optimized the front and back surfaces for
antireection and light trapping, respectively. The absorption
of the optimized structure was found to be close to Yablonovitch
limit (Fig. 6d).27 In this work, NCNs were utilized as the basic
building elements to form 2-D square lattices for the grating
structure. Moreover, these researchers demonstrated that the
double-sided strategy could be applied to a range of thick-
nesses, and suggested that the NCNs arrays could be obtained
via Langmuir–Blodgett (LB) assembly method in conjunction
with RIE.
6632 | Nanoscale, 2013, 5, 6627–6640
Besides using Si, Liu et al. fabricated large area and uniform
Cu(In,Ga)Se2 nanotip arrays (CIGS NTRs) from CIGS thin lms
via direct sputtering of a CIGS target in conjunction with an Ar+
milling process.73 NTRs are essentially NCNs with smaller
dimensions. The researchers demonstrated a precise control
over the length of CIGS NTRs and the tilting orientations by
controlling the milling time and incident angles. The SEM
image of the sample milled at 90� for 30 min from a CIGS thin
lm is shown in Fig. 6e. Here, uniform CIGS NTRs were formed
on top of CIGS thin lm. The obtained CIGS NTRs achieved a
reectance less than 0.1% for incident wavelengths from
300 nm to 1200 nm. To further characterize the antireection
properties, angular dependent reectance mapping was per-
formed on the CIGS NTRs at wavelengths from 400 to 1000 nm
with milling at 90� for 30 min, as shown in Fig. 6f. The NTR
CIGS solar cells demonstrated a 160% relative conversion effi-
ciency improvement as compared to the planar counterparts.

3.2.2 Nanopyramids (NPMs). Akin to NCNs, NPMs are also
tapered nanostructures but with square bases. Liang et al.
demonstrated that GaAs thin lm NPM arrays achieved
enhanced absorption over a broad range of wavelengths and
incident angles, even at large curvature bending.74 The NPMs
also provided as gradual a change of refractive index as
the NCNs mentioned above. Han and Chen demonstrated
This journal is ª The Royal Society of Chemistry 2013
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Si3N4/c-Si/SiO2/Ag NPM structures which reached the Lamber-
tian limit (Fig. 7a).29 Intriguingly, they proved that the mirror
symmetry of the NPM arrays should be broken in order to
improve absorption, as illustrated in Fig. 7b. It was observed
that at normal incidence the absorptance of the skewed pyra-
mids even exceeded the Lambertian limit over a broad range of
wavelengths, as illustrated in Fig. 7b. Mavrokefalos et al.
demonstrated an inverted NPM scheme for crystal silicon thin
lms, which also performed a broadband absorption close to
the Lambertian limit.75

3.2.3 Nanodomes (NDMs). Although the NCNs are superior
structures for photon trapping, in certain thin lm PV appli-
cations smoother structure are required for uniform lm
coating. In this regard, Deceglie et al. fabricated NDM structures
as templates for the deposition of thin lm n–i–p a-Si:H solar
cells.76 The calculated photo-carrier generation rate distribu-
tions of different device structures are shown in Fig. 8a–d. From
Fig. 8b and d, it can be seen that with a NDM template of either
aluminum doped zinc oxide (AZO) layer or Ag layer, the optical
absorption in the a-Si:H layer is much higher than their planar
counterpart in Fig. 8a. The absorption efficiency in the NDM
parts of the a-Si:H layer is higher than other parts. In fact, even
an ITO top layer with NDM conguration can help to enhance
absorption of the planar a-Si:H thin lm (Fig. 8c), to which
could be attributed the “nanolens” effect. Ultimately, the energy
conversion efficiency of an NDM structure based solar cell
device with only a 200 nm thick a-Si:H layer is 7.25%, which is
much larger than that of a at device with the same thickness of
a-Si:H and even superior to the efficiency of a planar sample
with a 360 nm thick a-Si:H layer, as shown in Fig. 8e.

Moreover, Zhu et al. experimentally reported NDM a-Si:H
solar cells formed by depositing thin lms on a glass or quartz
substrate with short NCNs.77 The NDM solar cells consist of a
100-nm thick Ag layer as back reector, an a-Si:H layer as the
active part and 80 nm transparent conducting oxide (TCO)
layers on both top and bottom of the active layer as electrodes,
as shown in Fig. 8f. Fig. 8g shows the SEM image of a NDM solar
cell device. The NCN template is fabricated by RIE with tunable
diameter and spacing in the range of 100–1000 nm. With an
NCN template of 100 nm base diameter, 450 nm spacing and
150 nm height, NDM a-Si:H solar cells can enhance the optical
absorption signicantly compared to at control samples
Fig. 7 (a) Absorption of pyramid nanostructure. Only the absorption in Si is accou
symmetry is broken, absorption becomes better and even exceeds the Lambertian lim
900 nm. (Reprinted from ref. 29, Copyright 2010 American Chemical Society.)

This journal is ª The Royal Society of Chemistry 2013
(Fig. 8h). The NDM conguration can not only reduce the
reection (which is the main reason for short wavelength light
loss), but also breaks the interference effect for longer wave-
lengths, as discussed above.

Besides thin lm solar cells, Ding et al. prepared novel solid-
state dye-sensitized solar cells (ss-DSSCs) with plasmonic back
reectors consisting of 2D arrays of Ag NDMs.78 The schematic
of the device superstrate structure is shown in Fig. 8i. A
hexagonally close-packed NDM-patterned template was
embossed onto TiO2 nanoparticles and an ethyl cellulose thin
lm to transfer the NDM pattern, and aer treatment on TiO2

thin lms, the Ag electrode was fabricated by thermal evapo-
ration. Fig. 8j shows the SEM image of imprinted TiO2 thin lms
aer sintering. The NDM-patterned Ag thin lm not only acted
as electrode and back reector, but also enhanced light
absorption through light scattering and surface plasmon
polariton modes. Compared to the planar Ag electrode, this
nanopatterned electrode can improve the short-circuit photo-
current (Jsc) by 16% with Z907 dye and 12% with C220 dye
(Fig. 8k), respectively.
3.3 High aspect ratio tapered nanostructures

High aspect ratio tapered nanostructures, such as nanoneedles
(NNs), nanospikes (NSPs), and nano-syringes,17,73,79–82 possess
an impressive photon management/trapping capability attrib-
uted to their strong light scattering, in addition to a gradual
change of the effective refractive index from the top to the
bottom.83 Therefore, high aspect ratio tapered nanostructures
have been extensively developed for efficient photon capturing.
For example, Chueh et al. have explored the direct synthesis of
black Ge based on crystalline/amorphous core/shell Ge NN
arrays with ultrasharp tips (�4 nm) enabled by the Ni catalyzed
vapor–solid–solid growth process.79 An SEM image of a Ge NN
array is shown in Fig. 9a, depicting the quasi-vertical orienta-
tion of the NNs arising from the steric interactions of the highly
dense array, and the inset shows TEM of a single NN. Ge NN
arrays exhibit a remarkable photon trapping capacity. Fig. 9b
demonstrates the reectance spectrum at normal incidence for
Ge NN arrays with different lengths, as well as Ge NW arrays
(�20 mm long) and a Ge thin lm (TF) (�1 mm thick) substrate.
It is clear that a drastic reduction of reectance occurs for NN
nted for. The height is 566 nm and the length of the base is 800 nm. (b) When
it. The height of the skewed pyramid is 636 nm and the longer side of the base is

Nanoscale, 2013, 5, 6627–6640 | 6633
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Fig. 8 (a–d) Schematics of different a-Si:H solar cell configurations. The thickness of ITO, a-Si:H, AZO and Ag layers are 80 nm, 200 nm, 130 nm, and 200 nm,
respectively. Other parameters are introduced in this reference. (e) Current–voltage curves of different solar cell structures. (Reprinted from ref. 76, Copyright 2012
American Chemical Society.) (f) Schematic of nanodome solar cells. (g) SEM picture of a nanodome solar cell device. The scale bar is 500 nm. (h) Absorption curves of
devices with normal incident light. (Reprinted from ref. 74, Copyright 2010 American Chemical Society.) (i) Schematic of plasmonic dye-sensitized solar cells with TiO2 in
grey, dye molecules in red, and spiro-OMeTAD in yellow. (j) 45-degree-tilted SEM picture of imprinted TiO2 films after sintering. (k) External quantum efficiency (EQE)
spectra of ss-DSSC using C220 dye. (Reprinted from ref. 77, Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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length >1 mm when comparing NNs to the TF. The NN arrays
exhibit a reectance of <1% for all wavelengths beyond this
length. In contrast, Ge NWs with a much larger length of
�20 mm exhibited a reectance of 2–10%, inferior to the NN
arrays. The optical photograph of Ge TF, NW (L � 20 mm) and
NN (L � 1.1 mm) substrates clearly illustrates the drastic
reectance suppression for NNs as compared to both NWs and
TF (inset of Fig. 9b). The remarkably low reectance of Ge NN
arrays can be attributed to the cone-shaped features of the
structures with ultra-sharp tips and their near vertical orienta-
tion arising from their high surface density as enabled by the Ni
catalytic growth.

In addition, Yu et al. reported self-organized 3-D Al NSP arrays
on thin Al foils via simple and scalable direct current anodization
of Al substrates under high voltage in conjunction with wet
chemical etching.17 Thereaer, a-Si and CdTe thin lms were
conformally deposited on the NSP structures to form 3-D nano-
structures with strong light absorption over a broad range of
wavelengths and incident angles. Fig. 9c illustrates a 60� tilted-
angle-view SEM image of NSP arrays coated with a 100 nm a-Si
lm. The inset is an image with higher magnication, showing
the uniformity of the a-Si thin lm deposited on Al NSPs.

The a-Si NSP arrays demonstrated high absorption with
small dependence on angle and wavelength, with over 90%
6634 | Nanoscale, 2013, 5, 6627–6640
absorption over the entire angle range for 400–800 nm wave-
length, as shown in Fig. 9d.

Moreover, taking advantage of the gradual change in effective
refractive index of the high aspect ratio tapered nanostructures,
Yeh et al. demonstrated ZnO nano-syringe arrays synthesized by
the hydrothermal method as an effective antireection coating to
improve the optical absorption of GaAs-based solar cells.80 Fig. 9e
shows the cross-sectional SEM image of the ZnO nano-syringes,
with an average nano-syringes length of 0.86 mm. The high-
magnication image in the inset revealed that the nano-syringes
are terminated with ultra-sharp tips. Taking advantage of the
ZnO nano-syringes with favorable tip geometry, the abrupt
interface between air and GaAs can be replaced with the engi-
neered antireection layers containing a smooth transition of
refractive index, signicantly suppressing the reection of the
device over a wide range of wavelengths. Fig. 9f shows UV-Vis
reectance spectra of the three GaAs solar cells with different
surface conditions: that without any antireection layers (bare),
that only with l/4 thick Si3N4, and that with ZnO nano-syringes/
SiO2/Si3N4. For the solar cell with an Si3N4 layer, the reection
reaches a minimum around 750 nm wavelength but gradually
increases as the wavelength moves toward the UV region, func-
tioning as a typical l/4 AR coating. It is apparent that the addition
of ZnO nano-syringes/SiO2 to the Si3N4 layer leads to an even
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3nr01152f


Fig. 9 (a) SEM image of Ge NN arrays grown on a Si/SiO2 substrate. The inset
shows TEM of a single NN. (b) The reflectance spectra of Ge TF, Ge NWs (d �
30 nm, L� 20 mm), and Ge NNs with different lengths. The inset shows the optical
images of three representative substrates. (Reprinted from ref. 79, Copyright
2010 American Chemical Society.) (c) 60� tilted-angle-view SEM images of Al NSP
arrays substrate deposited with a-Si. The inset shows a single Al NSP coated with
a-Si. (d) Angular and wavelength dependent absorption spectra of 3-D Al NSP
arrays deposited with 100 nm thick a-Si. (Reprinted from ref. 17, Copyright 2011
American Chemical Society.) (e) Cross-sectional SEM images of the ZnO nano-
syringes. The inset is a high-magnification image showing the ultra-small tips on
the ZnO nano-syringes. (f) Specular reflection measured on the GaAs solar cells
with bare, Si3N4, and syringe like NRAs/SiO2/Si3N4 surfaces. (Reprinted from ref.
80, Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

Fig. 10 (a) Schematic of NHL arrays, and that of NRD arrays in the inset. (b)
Calculated absorption spectra for the NHL and the NRD array structures when the
thickness d is 2.33 mm and 1.193 mm. (Reprinted from ref. 84, Copyright 2010
American Chemical Society.) (c) Cross-sectional SEM image of a 1 mm pitch NWL
sample with a 50 nm a-Si conformal coating. The inset is a high-magnification
SEM image showing a uniform a-Si coating on an NWL side wall. (d) The exper-
imental 2D contours of the above-band gap absorption plotted as a function of
NWL pore diameter and pitch. (Reprinted from ref. 15, Copyright 2012 American
Chemical Society.)
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lower reectance of below 3% for the entire range of wavelengths
studied.

3.4 3-D nanoholes (NHLs) and nanowells (NWLs)

So far all the nanostructures for efficient photon management
discussed above can be categorized as “positive” structures with
respect to the substrates, that is, the structures protrude out
from the substrates into free space. In fact, there are also some
reports on photon trapping in deep “negative” nanostructures,
for example, NHLs and NWLs.15,84–86 In general, light trapping in
the “positive” nanostructure arrays can be simply described as
the result of photon multiple scattering within the nano-
structures, which increases effective optical path length of a
photon and absorption probability.18,29 Nevertheless, structures
such as NHLs and NWLs with cylindrical cavities provide
geometric connement for incoming photons naturally, thus
the photon trapping process is expected to be different.15

Specically, Han and Chen investigated c-Si NHL arrays as light
absorbing structures for PV devices and compare them to
nanorod (NRD) arrays via simulation.84 A schematic of the NHL
arrays is illustrated in Fig. 10a, with that of NRD arrays in the
This journal is ª The Royal Society of Chemistry 2013
inset. Fig. 10b shows the calculated absorption spectra for the
NHL and the NRD array structures when the thickness d is
2.33 mm and 1.193 mm. The c-Si lling fraction and the lattice
constant are 0.5 and 500 nm, respectively. In both cases, the
NHL array demonstrates a higher absorption when l is less than
approximately 750 nm. When d ¼ 1.193 mm, the NHL array has
a slightly higher ultimate efficiency of 42.6% compared to
41.2% for the NRD array. However, when d ¼ 2.33 mm, the
efficiency is 27.7 and 24.0% for the NHL and the NRD array,
respectively, giving a larger difference between the two struc-
tures. This implies that NHL arrays have amore efficient photon
management than NRD arrays for practical thickness. In addi-
tion, it indicated that a NHL array structure with one-twelh the
c-Si mass and one-sixth the thickness of a standard 300 mm Si
wafer have an equivalent ultimate efficiency. The strong optical
absorption of NHL arrays is attributed to effective optical
coupling of incident light into the arrays, as well as the exis-
tence of a large density of waveguide modes.

Besides simulation of the optical properties of c-Si NHL
arrays, periodic photon NWLs were fabricated with a low-cost
and scalable approach, followed by systematic investigation of
their photon capturing properties combining experiments and
simulations by Leung et al.15 In this work, perfectly ordered
exible three-dimensional arrays of NWLs with greatly tunable
pitch, diameter, and depth have been fabricated based on a
self-organized approach. In order to understand the photon-
trapping processes in regular NWL arrays, thin lms of a light-
absorbing material were conformally coated in the NWLs.
Fig. 10c demonstrates cross-sectional SEM image of a 1 mm
pitch NWL sample with diameter of 870 nm, showing a
Nanoscale, 2013, 5, 6627–6640 | 6635
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Fig. 11 (a) Cross-sectional SEM image of 1-mm pitch integrated nanopillar–
nanowell (i-NPW) arrays with a 40 nm a-Si coating (right, the scale bar is 100 nm),
and higher magnified SEM images of particular parts of the i-NPW structure (left).
(b) The normal incident absorption spectra of the five samples: integrated i-NPW,
nanopillar (NPL), nanowell (NWL), nanoconcave (NCON), planar. (c) Simulated
cross-sectional |E|2 distribution of the electromagnetic wave on i-NPWs. (d) Day-
integrated solar energy absorption of all the five structures. (Reprinted from ref.
91, Copyright 2013 American Chemical Society.)

Fig. 12 (a) An SEM cross-sectional image of a single layer of Si spherical nano-
shells on a quartz substrate. Scale bar is 300 nm. (b) Absorption spectra under
normal incidence measured by integrating the sphere. Black line and red line are
for flat sample and nanoshell sample, respectively. (c–e) Full-wave simulations of
EM waves coupled with a single Si nanoshell. |E| distribution of the first three
modes with resonance wavelengths (c) 986, (d) 796 and (e) 685 nm, respectively.
The E field is perpendicular to the paper plane with light amplitude of 1 V m�1 for
all wavelengths. (Reprinted from ref. 36, Copyright 2012 American Chemical
Society.)
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conformal a-Si coating with low-pressure chemical vapor
deposition. To understand comprehensively photon manage-
ment in NWL arrays with different geometries, above-band gap
broadband absorption for NWL arrays with pitches from
364 nm to 1.5 mm and different NWL diameters was obtained
and plotted as a semi-2-D contour, shown in Fig. 10d. Intrigu-
ingly, it is found that a proper periodicity greatly facilitates
photon capturing process in the NWLs, primarily owing to
optical diffraction and resonance in NWLs. Meanwhile, the
nanoengineered morphology provides the nanostructures with
a broad-band, efficient light-absorption.

3.5 Hybrid nanostructures

Besides the aforementioned individual nanostructures, hybrid
nanostructures for light management also attracted much
attention. For example, Ho et al. demonstrated a hybrid struc-
ture consisting of SiO2 NRDs and p-GaN microdomes for an
InGaN-based multiple-quantum-well solar cell.87 InGaN-based
solar cells have direct and tunable band gaps, thus achieving a
promising theoretical efficiency of over 40%.88–90 However, the
abrupt change of refractive index between air and the device
leads to optical loss at the interface, which limits the practical
efficiency. In this work, a microdome structure was fabricated to
yield multiple photon scatterings in the structure. With an
intermediate refractive index (n � 1.56) between air (n � 1) and
GaN (n � 2.5), subwavelength SiO2 NRD arrays (NRAs) can
further reduce the surface reection. The micro- and nano-scale
hierarchical structures combinedmultiple reections caused by
the microdome morphology with the subwavelength feature of
the NRDs.

In another work, Lin et al.91 demonstrated an integrated-
nanopillar–nanowell (i-NPW) array by integrating NPL and NWL
arrays together vertically for 3-D thin lm PV applications.

Fig. 11a illustrates a cross-sectional SEM image of 1 mmpitch
i-NPW arrays with a 40 nm a-Si coating (le), and higher
magnied images of different parts of the i-NPW structure
(right), showing the conformal a-Si coating over the 3-D struc-
tures. Fig. 11b demonstrates the normal incident absorption
spectra of samples on ve different kinds of structures: i-NPWs,
NPLs, NWLs, nanoconcaves (NCONs) and a planar substrate.
Fig. 11c illustrates the simulated cross-sectional |E|2 distribu-
tion on i-NPWs. The authors demonstrated that the integrated
nanostructures combining both “positive” and “negative”
nanostructures showed more efficient light absorption than the
“positive” or “negative” nanostructures alone over a broad
range of wavelengths and incident angles, as shown in Fig. 11d.
Impressively, the 2 mm thick i-NPW arrays with only 40 nm
amorphous silicon coating displayed a day-integrated absorp-
tion of about 89%, while for the planar control sample
absorption was only about 33%.

3.6 Light management in nanospheres

Most of the aforementioned nanostructures are quasi-one-
dimensional structures or variants of them. In fact, intriguing
light management properties have also been discovered in
nanospherical structures. Particularly, Yao et al. fabricated
6636 | Nanoscale, 2013, 5, 6627–6640
nanocrystalline-Si (nc-Si) nanospheres with silica nanospheres
as templates.36 Aer etching away silica nanospheres, closely
packed hollow nc-Si nanospheres were formed as shown in
Fig. 12a. Preliminary optical measurements showed the
improvement of absorption with nanospheres over a planar
control sample, as shown in Fig. 12b. Further study has revealed
the existence of low quality factor (low-Q) whispering gallery
modes in spherical nanoshells, shown in Fig. 12c.36 Whispering
gallery mode resonators with (low-Q) have high absorption, low
This journal is ª The Royal Society of Chemistry 2013
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frequency selectivity and high coupling efficiency. The light
path in the active layer was enhanced because light was coupled
into the resonant modes, as mentioned above. In parallel to this
work, Grandidier et al. also studied the whispering gallery
modes in dielectric nanospheres and demonstrated that light
absorption can be signicantly enhanced by a strong whis-
pering gallery mode in a-Si thin lm solar cells.9
3.7 Plasmonic nanoparticles

Nanoparticles, or quantum dots, are usually described as 0-D
nanostructures with dimensions far below optical wavelength.
However, recent studies on plasmonics have shown that
these small objects can strongly localize the incident light/elec-
tromagnetic wave energy within their vicinity. With a proper
supporting substrate, they can also excite propagating plasmon
polaritons at the dielectric interface. These behaviors have been
harnessed as unique photon management schemes to improve
material light absorption and PV device performance.92–99 As one
of the pioneering works, Pillai et al. carried out surface plasmon
enhanced silicon solar cells, which used silver particles to
introduce a surface plasmon effect to the Si solar cells.95 The Ag
particles were deposited by thermal evaporation followed by
annealing. Fig. 13a shows schematics of the two kinds of solar
cell samples they used, 1.25 mm silicon-on-insulator (SOI) test
cells and 300 mm thick Si solar cells. Different silver particle sizes
from 10 nm to 18 nmwere tried. Results showed that for both SOI
test cells and 300 mm thick Si solar cells, the Ag nanoparticles can
enhance the absorption and short circuit current signicantly.
The highest enhancement can be as high as sevenfold for 300 mm
cells at l¼ 1200 nm (Fig. 13c) and even as high as 16-fold for SOI
solar cells at l ¼ 1050 nm (Fig. 13b). These results paved the way
for utilizing metal nanoparticles to improve light absorption of
thin-lm solar cells by the plasmonic effect.
Fig. 13 (a) Schematic of silicon solar cells with Ag nanoparticles: left, silicon-on-insu
Experimental andmodeled result of photocurrent enhancement of SOI test solar cells. (c
cells. (Reprinted from ref. 95, Copyright 2007 American Institute of Physics.) (d) Schemat
shell Au–SiO2 nanoparticles via putting the particles into the paste. (f) Current–voltage
nanoparticles. Device thickness is 1.1 mm. (Reprinted from ref. 92, Copyright 2013 Ame

This journal is ª The Royal Society of Chemistry 2013
In addition to the application in traditional Si and thin-lm
solar cells, metal nanoparticles are also utilized in dye-sensi-
tized solar cells (DSSC)92,98 and organic solar cells.99–102 Partic-
ularly, Brown et al. reported plasmonic DSSCs by using Au
nanoparticles to enhance the light absorption efficiency via
surface plasmon resonance.92 The Au nanoparticles with a
diameter of about 15 nm were coated with 3 nm thick SiO2

shells so that they will not act as recombination centers to
deteriorate device performance. The core–shell Au–SiO2 nano-
particles are either incorporated into the paste before device
fabrication, or spin coated onto the device. Fig. 12d shows a
schematic of how Au–SiO2 nanoparticles enhance the local
electric eld intensity. Fig. 12e shows a schematic of the
plasmonic DSSC device structure with uniformly distributed
Au–SiO2 nanoparticles by incorporating the nanoparticles into
TiO2 paste. From the performance of an N719 sensitized liquid
electrolyte based DSSC (Fig. 12f), it can be seen that nearly all
the important parameters, including short current density,
open circuit voltage, ll factor and efficiency are improved with
Au–SiO2 nanoparticles. The efficiency is nearly doubled over the
control sample.

In another work, Hsiao et al. introduced Au nanoparticles
with different sizes and shapes into polymer solar cells.102 It is
found that different gold nanoparticles, including gold nano-
spheres and nanorods with different aspect ratio, exhibit
different forward light scattering and backward light scat-
tering properties as long as they show different localized
surface plasmon resonance behaviour. So, by combining the
localized surface plasmon resonance effect and the forward
light scattering effect, the light trapping efficiency of polymer
solar cells can be enhanced, which is supported by current–
voltage characteristics and external quantum efficiency
spectra in this work.
lator (SOI) with 1.25 mm active Si and right, wafer-based 300 mm planar Si cell. (b)
) Experimental andmodeled result of photocurrent enhancement of 300 mmplanar Si
ic of localized surface plasmon. (e) Schematic illustrations of DSSC incorporating core–
curves of N719 sensitized liquid electrolyte-based DSSC with and without Au–SiO2

rican Chemical Society.)
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4 Summary and prospects

To implement a global terawatt-scale generation with PV tech-
nologies, further energy conversion efficiency improvement and
cost reduction of solar panels with aggression are urgent. In this
regard, developing novel low cost schemes to achieve efficient
photon harvesting and photo-carrier collection is of paramount
importance. Recent research has shown that engineered nano-
structures have unique photon management capability, which
may serve as one potential route leading to efficient PV devices.
In this article, we have systematically reviewed photon
management mechanisms in nanostructures, and provided a
comprehensive summary of state-of-art research on several
major categories of nanostructures with efficient light trapping
properties. It was revealed that nanostructures with diverse
congurations have their unique photon management proper-
ties, namely, tunable optical reectance, transmittance and
absorption. In addition, properly engineered nanophotonic
structures have shown highly promising capability of harvesting
sunlight over a broad range of wavelengths and incident angles.
In our review, a variety of nanostructures, such as nanowires,
nanopillars, nanopyramids, nanocones, nanospikes, and so
forth, have been reviewed comprehensively with photonic
materials including Si, Ge, CdS, CIGS, ZnO, etc. Moreover, the
fabrication and optical property investigations of the afore-
mentioned nanostructures have also been introduced. Overall,
these nanostructures possess impressive efficient photon trap-
ping capability by taking advantage of smooth gradient of
effective refractive index, conning light in nanomaterials
through waveguide mode, and/or localizing electromagnetic
wave energy via plasmonic effects. These achievements have
laid down a solid foundation for developing a new generation
PV. Meanwhile, it is worth pointing out that an optimal PV
device design has to incorporate the consideration of photo-
carrier dynamics which is sensitive to both material quality and
device structure. A rational device design can be veried with
modeling followed by experiments. Last but not the least, cost-
effectiveness of a photon management scheme is the key for a
practical application. A practical nanostructure fabrication
process should be compatible with large scale production, such
as a roll-to-roll process for thin lm PV devices.
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