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31.1 Introduction

The quantum efficiency of solar cells, like that of any photon detector, is
dictated by the ability to absorb photons to create conducting carriers, and the
efficiency to drive such carriers to electrodes for collection. Having a medium
that enables full photon absorption in a short length, together with a long
carrier lifetime that allows photogenerated carriers to reach electrodes before
recombining is ideal but is not always realistic. For example, silicon
photovoltaics, despite being a major player in the solar cell market, suffer
from their low absorption coefficient, thus requiring a thick absorbing layer
that impairs the efficiency with which photogenerated carriers are collected.
Radial p–i–n silicon nanowires (NWs) have been proposed as a candidate for
reducing the optical absorption length and required processing purity in
silicon-based solar cells without compromising their quantum efficiency and
yet reducing the overall cell cost.1 In this scheme incident light propagates
along the axial dimension of the NWs and thus has a greater chance of being
absorbed when the NW length extends beyond 10 mm due to interarray light
scattering effects [Fig. 31.1(a)]. At the same time, the core–shell radial p-i-n
structure leads electrical current flow along submicron radii, enabling rapid
collection of most photogenerated carriers, as the transport length is typically
less than the diffusion lengths of minority carriers [Fig. 31.1(b)].

Since the first discussion on the device operation of a radial NW geometry
for photovoltaic cell,1 much work has been done to experimentally realize the
advantages of this NW array system.2–14 A detailed survey on current
activities and progress on NW array solar cells can be found in Ref 15. In the
current work discussed in the chapter we perform finite-difference time-
domain (FDTD) simulations to investigate the absorption process in arrayed

Figure 31.1 Schematic illustration showing the advantages of a core–shell NW solar cell.
(a) Array arrangement enhances light scattering and photon absorption. (b) Short collection
length of charge carriers along radial direction is decoupled from the long absorption length
along the axis.
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radial NWs. The goal of this work is to gain insight on absorption processes in
NW arrays and to develop strategies for enhancing absorption efficiency. The
effects of light scattering and the material filling ratio (ratio of the cross-
sectional area that is occupied by the nanowires to the total area of the array)
at different NW spacings will be discussed. Evolution of absorption with NW
length, particularly in the long-wavelength range (700–1100 nm) will be
shown to illustrate the advantages of NWs as opposed to conventional planar
structures. In addition, actual NW geometries after shell overgrowth using
chemical vapor deposition (CVD) for different NW lengths and spacings have
been studied.

31.2 Device Fabrication

As discussed, the goal of this chapter is to present a theoretical estimation of
absorption and external quantum efficiency of arrayed NW solar cells in order
to guide experimental work. However, before going into the simulation
details, it is important to know the capability of current fabrication
technology so that devices to be simulated are experimentally feasible.

As described above, the device structure consists of two parts: the core and
the shell. The core can be fabricated either with a bottom-up approach using
the traditional vapor–liquid–solid (VLS) growth mode for NWs, or with a
top-down approach by dry etching. The formation of the shell can also be
done with either dopant diffusion/implantation/evaporation or lateral
overgrowth using the vapor–solid growth mode. Approaches for core and
shell fabrication can be flexibly combined, but the main objective is to realize
an array of (preferentially vertical) NWs with sharp junction interfaces and
sufficiently high material quality: minority carrier diffusion lengths larger
than the device’s diameter, yet a few orders of magnitude shorter than in bulk
silicon solar cells.

In this work, for NW core formation, we utilize the top-down approach
for NW array fabrication. A dielectric (SiO2) or metal (Ni) mask is patterned
on a piece of Si (111) substrate using electron beam (e-beam) lithography and
CVD or e-beam metal evaporation, respectively. E-beam lithography is
employed for its flexibility in altering mask designs during the optimization
process. The NW diameter is typically in the range of few hundreds of
nanometers to several micrometers, while the spacing between NWs can be as
short as 1 mm without causing additional difficulties in NW formation using
silicon deep reactive-ion etching [Fig. 31.2(a)]. NWs with a height of �10 mm
are routinely used in this study; longer NWs (up to 20 mm) can be achieved
with spacing larger than 2 mm. One advantage of a top-down approach is the
ability to achieve up-straight NWs with tailorable sidewall profiles: vertical or
conical. Top-down arrays also have more flexibility in controlling NW
location, spacing, and a wide range of diameters. Bottom-up VLS growth can
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also enable control over NW location and spacing by using patterned metal
catalysts but experiences difficulty in tuning growth conditions for a wide
range of NW diameters to achieve high yield in vertically aligned NW arrays.
The challenge for a top-down process is sidewall damage and residual
contamination during plasma etching, which hamper the nucleation of the
high-quality single-crystalline NW shell. In order to eliminate such detrimen-
tal defects, after the etch mask removal, the NW array is subjected to several
cycles of a thermal oxidation step to create a thin oxide layer followed by a
wet oxide etch step. The process also helps in removing sidewall undulation
(scallops) due to the cyclic Bosch etch process [Fig. 31.2(b)]. From the smooth
silicon surface on NW sidewalls, a single- crystalline radial shell can be grown
by SiH4-based CVD.16

The combination of top-down core etching and CVD shell growth enables
both p–n and n–p core–shell polarity with controlled doping concentration
and junction abruptness [Fig. 31.2(c)]. It also allows i regions of arbitrary
thicknesses to be inserted between the p and n regions, if desired. After shell
growth, one metal contact is deposited at the backside of the substrate, while
the other is placed on the top grown layer, outside of the array area. Ideally, a
transparent contact that fully covers the array is desired for perfect electrical
access to each individual NW, but for process simplicity, a side contact pad is
sufficient, as long as the shell doping is high enough for good electrical
conduction and the core and the shell are not too thin to be fully depleted. The
next section will investigate the relationship between doping concentration,
core–shell thicknesses, and applied voltage to satisfy the above conditions.

After processing, the NW array is characterized with standard techni-
ques16 to extract quantum efficiency and device efficiency. An example of the
external quantum efficiency of a silicon core–shell NW array cell is shown in

Figure 31.2 Illustration of NW solar cell fabrication process: (a) core formation, (b) surface
damage removal, and (c) junction formation by vapor–solid shell overgrowth.
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Fig. 31.3. While the structure is far from optimal, a peak external quantum
efficiency of 70% is already achieved. The goal of this chapter is to elucidate
absorption processes in a NW array, and suggest an optimization scheme for
even higher quantum efficiency.

31.3 Estimation of Depletion Region

One advantage of core–shell NW photovoltaics is the decoupling of electrical
transport length from optical absorption length. NWs can be axially extended
to fully absorb the incident light while photogenerated carriers are collected
along radial directions with a transport length less than the NW radius. We
assume here that the NW material is of a quality that allows the diffusion
lengths of minority charge carriers to be a few times larger than the radius of
the NWs. In other words, NWs can be fabricated with diameters smaller than
the minority carrier diffusion length. In such conditions, all photogenerated
carriers are collected to the electrodes and contribute to the photocurrent;
thus, the diffusion transport of minority carriers is not of concern. The
remaining challenge would be to minimize series resistance in the quasi-
neutral regions between space-charge regions and the collecting electrodes.

Since there must be a conduction channel from the p and n regions at the
core and surface of the NWs to the electrodes, the p and n regions cannot be
fully depleted. To see under which conditions p–n regions become depleted,
we look at the static picture of the charge–electric field distribution in the
core–shell structure. Figure 31.4(a) is the schematic cross section of an n–p
core–shell NW. An n-doped core of radius a and a p-doped shell of radius b
have doping concentrations ND and NA, respectively. The depletion region is
confined in a ring of inner radius rn in the n-type core and outer radius rp in
the p-type shell. The electric field E and potential profile are obtained by

Figure 31.3 Measured external quantum efficiency of a solar cell based on a silicon NW
array with 10-mm length, 3-mm wire-to-wire spacing, and 1.6-mm NW diameter.
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solving the Poisson equation, similar to the case of 1D linear p-n junction,
except in the NW case, the Poisson equation is 1D in cylindrical coordination.
The charge density r is given by

r ¼ erE ¼ qND for rn � r � a

qNA for a � r � rp
, ð31:1Þ

�

where e is the dielectric constant of the material, and q is the electron charge.
The first equation that links rn and rp is dictated by the charge neutrality

condition:

p a2 � r2n
� �

qND ¼ p
�

r2p � a2
�

qNA, ð31:2Þ
or

ND

NA þND

rn
a

� �2
þ NA

NA þND

rp
a

� �2
¼ 1: ð31:3Þ

By taking the integral for r, with boundary conditions E(rn) ¼ E(rp) ¼ 0, we
obtain

E ¼
1
2
qND

e
r2 � r2n

r
for rn � r � a,

1
2
qNA

e
r2p � r2

r
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ð31:4Þ
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Figure 31.4 (a) Schematic cross section of the core–shell NW structure. (b) Graphical
solution to Eqs. (31.3) and (31.6) for a silicon NW with a ¼ 100 nm, Vbi ¼ 1 V, V ¼ 0 V, NA ¼
ND ¼ 1018 cm�3.
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A second integral of E will give the potential drop between r ¼ rn and r ¼
rp, which is the sum of the built-in voltage Vbi and the applied reverse bias V:

2eðVbi þ VÞ
q

¼ NDr2n ln
rn
a

� �

þNAr2p ln
rp
a

� �

, ð31:5Þ

or in a unitless form

2eðVbi þ VÞ
ðNA þNDÞqa2 ¼

ND

ðNA þNDÞ
r2n
a2

ln
rn
a

� �

þ NA

ðNA þNDÞ
r2p
a2

ln
rp
a

� �

: ð31:6Þ

A graphical solution to Eqs. (31.3) and Eqs. (31.6) is presented in
Fig. 31.4(b). rn and rp are determined at the intersection of the two curves
represented by the two equations. As discussed above, the n core and p shell
must not be completely depleted, meaning that rn > 0 and rp < b. These
conditions lead to certain constraints to the sum of the applicable bias and
the built-in voltage. Although a solar cell operates at zero bias, these
constraints would still apply, as the built-in voltage can be nearly the cell’s
energy gap, which is in order of 1 eV.

If the shell is thin, it would become depleted before the core becomes fully
depleted. In this case, rp ¼ b, and the applied voltage cannot be larger than a
threshold V1, given by

2eðVbi þ V1Þ
ðNA þNDÞqa2 ¼

ND

ðNA þNDÞ
r2n,max

a2
ln

rn,max

a

� �

þ NA

ðNA þNDÞ
b2

a2
ln

b
a

� �

, ð31:7Þ

where rn, max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NA þND

ND
� NA

ND

b
a

� �2
s

a:

If the shell is thicker, a higher voltage can be applied until the core is fully
depleted: rn ¼ 0 when rp ¼ rp,max � b, and V ¼ V2, given by

rp,max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NA þND

NA

r

a � b, ð31:8Þ

and

2eðVbi þ V2Þ
q

¼ NAr2p,max ln
rp,max

a

� �

¼ 1
2
ðNA þNDÞ ln NA þND

ND

� �

a2: ð31:9Þ

Such constraints between a, b, and V are summarized graphically in
Fig. 31.5.

We have seen that for a given configuration of core and shell radii, the
applied voltage must satisfy certain constraints to avoid full depletion in the
core and shell regions. Reciprocally, for a solar cell operating at zero bias and
a fixed doping concentration that determines Vbi, the core and shell radius
must exceed the minimum values amin and bmin so that neither the core nor the
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shell is fully depleted. From Eq. (31.9), the minimum core radius can be
derived as

amin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4eVbi

qðNA þNDÞ ln NA þND

ND

� �

v

u

u

u

t

, ð31:10Þ

and the minimum shell radius must be

bmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NA þND

NA

r
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4eVbi

qNA ln
NA þND

ND

� �

v

u

u

u

t

: ð31:11Þ

Numerically, if we assume that the core and shell of silicon NWs are
doped at NA ¼ ND ¼ 1018 cm�3, we have Vbi ¼ �1 V, and the critical core–
shell radii are 44 nm and 62 nm, respectively. In order to achieve an effective
conduction channel to the electrodes, the actual radii of NWs should be larger
than the critical values by tens of nanometers.

In the case of a p–i–n radial junction, if the i region is thick enough, all of
the built-in potential and applied bias will drop at the I region, with a very thin
depletion into the p and n regions. For example, an i region of 60-nm in length
is enough to bear a built-in voltage of 1 V with only 20-nm depletion into the n
region and 10-nm depletion into the p region, assuming that NA ¼ ND ¼ 1018

cm�3 and a ¼ 100 nm. In such cases, contact depletion is not a concern.

Figure 31.5 Correlation between core–shell thicknesses and junction depletion. Zone 1:
When V < V1, neither the core nor the shell are fully depleted. When V ¼ V1, the shell is fully
depleted. Zone 2: When V < V2, neither the core nor the shell are fully depleted. When V ¼
V2, the core is fully depleted.
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31.4 Optical Absorption Simulation

In order to assess the absorption process in NW arrays, we utilize FDTD
solutions using the Lumerical Solutions, Inc. software package.17 This
commercial software is based on the FDTD framework to solve Maxwell’s
equations and calculate light–matter interactions. Optical properties [n(l),
k(l)] of bulk silicon are taken from Ref 18. The discrepancy in n(l), k(l)
between simulation-database and actual values of silicon NWs, as well as
experimental uncertainties in NW array fabrication (diameter uniformity,
sidewall roughness, random fluctuation of NW length, etc.), might lead to
some deviation of simulation results from experimental measurement;
however, these discrepancies should not affect the physics and the array
configuration dependencies under investigation.

Figure 31.6 is a schematic layout of the NW array to be simulated. Light–
matter interaction is considered over the whole array with a primitive square
lattice; however, to reduce the simulation cost, calculations are carried over
only one unit cell containing one NW by utilizing appropriate periodic
boundary conditions. With certain symmetries of the NW array and incident
light, the calculation time and memory can be even further reduced by
dividing the simulation volume by symmetric planes. Graphic cartoons shown
in this section sketch only one NW but should be interpreted as the entire
array of interacting NWs. The output of the simulation can be represented in
different ways. One can monitor the temporal propagation of the incident-
pulsed wave packet, comparing the electromagnetic field distribution at
different times (Fig. 31.7). The Fourier transform of the temporal propagation
intensity across a monitor plane represents the wavelength-dependent field
intensity, from which one can determine reflection R, transmission T, and
absorption or loss (1 – R – T) of a volume of material of interest [Fig. 31.7(b)].
Furthermore, the spatial dependence of the absorption at a particular
wavelength can also be calculated [Fig. 31.7(c)]. The combination of

Figure 31.6 (a) Schematic layout of the NW array. (b) Simulation volume containing one
NW; R, T1, and T2 are monitor planes for reflection and transmission, respectively.
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temporal, spectral, and spatial distributions of field intensity allows us to gain
thorough insight into the absorption process and its dependence on NW array
geometry, which will be discussed below.

31.4.1 Effect of nanowire length

It is expected that arrayed NW solar cells not only possess good efficiency in
collecting photogenerated carriers to electrodes, but they also have enhanced
absorption due to light scattering over the patterned structure. Under visible
white light, an etched NW array appears darker than the unpatterned
reference area, indicating that it absorbs more light. However, that apparently
large absorption includes the absorption from both the NW array and the
substrate underneath, but only photogenerated carriers in the NW array can
contribute to electrical signal. It is thus important to isolate the absorption
inside the NW array from the total absorption of the array and assess its
dependence on the array geometry.

Figure 31.7 a) Snapshots taken at t ¼ 0, t ¼ t1, and t ¼ t2 > t1 illustrating temporal field
propagation. (b) Wavelength-dependent spectra of field intensity. (c) Spatial absorption
along a slice through the center of a NW. The scale bar indicates the absorption per unit
volume in m�3. (See color plate section.)
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Numerical simulation is performed for silicon NW arrays with spacing of
3 mm and NW diameter of 1.6 mm. The NW lengths are 3, 7, and 10 mm
respectively. Figure 31.8(a) plots the total absorption (1 – R with the notation
in Fig. 31.6) of NW arrays with different lengths, in comparison to the planar
structure. Oscillatory fringes in NW array spectra are due to complex
interference in both vertical and horizontal directions. In reality, a NW array’s
sidewall roughness or random fluctuation in NW diameters and location can
destroy the coherency of scattered light, leading to the absence of the
oscillations in experimental spectra. This is one possible source for the
discrepancy between theory and experiments, but it can be diminished by
averaging out the simulated curves. In Fig. 31.8(a), the absorption values for a
NW array consist of the absorption both in the NW arrays and in the
substrate underneath. As expected, arrayed structures have substantially
larger absorption due to a decrease of reflection caused by light scattering
over patterned surfaces. However, when looking at the contribution of only
the NW arrays (1 – R – T1) in Fig. 31.8(b), the etched arrays do not absorb as
much as do planar slabs with the same thickness. The discrepancy between the
array and the slab decreases as the absorption length increases. This is,
however, not contradictory to the general expectation stated at the beginning
of the section. Considering that the NW arrays contain only �20% of
material volume compared to the planar slabs, absorption enhancement from
light scattering indeed plays a large role. With longer NWs, scattered light
inside the NW array has more chance to bounce back and forth between NWs
and thus gets absorbed more than in shorter NWs. Therefore, it takes a
smaller material volume in NW arrays to achieve the same amount of optical
absorption in thin planar films. The advantage of a small material volume is

Figure 31.8 (a) Total absorption (NW þ substrate) of simulated NW arrays compared to
total absorption of an infinitely deep planar structure. (b) Absorption of NW arrays compared
only to absorption of planar bulks with the same thickness. (See color plate section.)
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the small number of thermally generated carriers, which, in turn reduces its
component of dark current. For the same photocurrent generated from the
same amount of light absorption, the decrease of dark current leads to an
increase of open-circuit voltage in solar cells, as given by

Voc ¼ nkT
q

ln
Iph
I

þ 1
� �

, ð31:12Þ

where

I ¼ I0 exp
qV
nkBT

� �

� 1

 �

is the bias-dependent dark current of a diffusion or generation–recombina-
tion-dominated photovoltaic device, n is the ideality factor, kB is the
Boltzmann constant, T is temperature, and I0 is related to the number of
minority carriers inside the devices, and this number is proportional to the
material volume where the carriers are generated.

31.4.2 Effect of pitch size

The previous section emphasized the role of light scattering in the absorption
of NW arrays. The question that follows is how one can strengthen the
scattering process in order to obtain better absorption. As is well known in
wave optics, scattering is more pronounced when the feature size approaches
the light’s wavelength. We thus may expect that it will be possible to enhance
scattering by reducing the array’s pitch size (distance between NWs). In order
to evaluate the effect of scattering, we simulated NW arrays with pitch size p
ranging from 1 to 5 mm. The NW length is kept the same at 3 mm, and the
NW diameter is set at half of the pitch size so that the material filling ratio
(NW cross-section area divided by unit cell area) is constant (�20%) in all
cases.

As expected, the absorption spectra shown in Fig. 31.9(a) confirm
stronger absorption for smaller pitch, where scattering is expected to be more
pronounced. Enhancement at short wavelengths (l < 500 nm) is more
pronounced because at such wavelengths, the absorption coefficient is
relatively high, the absorption occurs mostly at the surface, and the
absorption magnitude is governed by the surface area at the silicon–air
interfaces, rather than the material volume [Fig. 31.9(b)]. While, as we saw in
Section 31.4.1, for large pitches, the absorption in the NW arrays is not as
high as in a planar film of the same thickness; when the pitch is reduced to
1 mm, the scattering is so strong that the NW array absorption becomes larger
than the reference thin film.

Figure 31.10 shows the absorption profile at l ¼ 587 nm in a 2D slice
through the NW center in three different configurations (p ¼ 1, 3, and 5 mm).
The scale bars confirm once again that absorption occurs much more strongly
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in a smaller pitch than in a larger pitch. Another important remark drawn from
Fig. 31.10 is that in all three cases the absorption occurs more strongly near the
center of the NWs. This is as is expected because each individual NW acts as a
waveguide for light propagation, making light intensity more concentrated in
the center and, hence, resulting in a stronger absorption at the core.

Figure 31.10 Spatial distribution of absorption in a cross-sectional slice through the NW
center (note the increase of absorption magnitude in the scale bar for p ¼ 1 mm). (See color
plate section.)

Figure 31.9 (a) With an absorption profile at l ¼ 400 nm, the penetration depth is so
small that the amount of absorption depends on the air–silicon surface area rather than on
the volume of silicon. (b) Absorption spectra of silicon NW arrays with different pitches.
(See color plate section.)
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Observations from Fig. 31.10 raise a question about the degree to which
the outer part of the NW contributes to the total absorption. Figure 31.11
shows the absorption spectra of NW arrays with different diameter-to-pitch
(d/p) ratios for the three pitches p ¼ 1 mm, p ¼ 3 mm, and p ¼ 5 mm. For p ¼
5 mm, the pitch is too large for the scattering effect to become dominant, the
absorption is governed by the absorbing material volume; thus, the larger
diameter has a higher absorption. With p ¼ 3 mm, the effect of the material
filling ratio is still dominant, resulting in the same trends as in p ¼ 5 mm;
however, the absorption is enhanced due to the presence of light scattering.
For p ¼ 1 mm, the scattering becomes so strong that the proportionality
between absorption amplitude and material volume no longer holds. The
scattered light deviates from normal incidence, bouncing back and forth
between NWs and eventually becoming absorbed in the NWs rather than
penetrating the substrate. Also, regardless of the NW diameter, the absorption
is nearly the same.

The contribution of light scattering effects should be carefully considered
while optimizing device performance. Ideally, a smaller pitch is desired to
maximize enhanced absorption due to scattering. And at such a pitch, a small-
diameter NW can still achieve high absorption while exhibiting low dark
current due to smaller material volume. However, if technological limitation
does not allow for small pitch and small diameter, and especially if the
material is not of sufficient quality for the carrier diffusion lengths to be larger
than the NW diameter, the design for p–n NWs will need to be carefully
considered. For example, the core diameter should be small so that the
junction is closer to the core where more carriers are generated from the
absorption process. If permitted, the core material should be of p type, where
the diffusion length of minority electrons is longer than that of holes in the

Figure 31.11 Absorption spectrum of NW arrays with different pitches and diameters. (See
color plate section.)
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n-type region; thus, generated electrons near the core have a higher chance of
diffusing to the junction. In the absence of light scattering at a large pitch,
larger NW diameters will result in stronger absorption at the expense of larger
dark current. Compromises in terms of diameter and pitch will need to be
taken into account for experimental optimizations.

In this work, arrays of cylindrical NWs are utilized for the simplicity and
generality of the simulation; however, trends and interpretations can still be
applied to other experimental configurations that slightly deviate from
cylindrical form. In fact, advances in fabrication techniques can enable NW
geometries that are more beneficial for the absorption process. Conical NWs3

or dual-diameter structures4 have been shown to enhance the absorbance to
above 90%. The key in these works is the reduction of reflectance by
minimizing the top flat areas that most strongly reflect the light. The growth
conducted in this work has resulted in a different NW geometry that can lead
to similar effects. During CVD shell deposition, crystalline spherical bulbs (so-
called match heads) are built up at the top of the NWs due to faceted growth
with different growth rates along different directions [Fig. 31.2(c)]. Not only is
the reflection decreased due to literally no horizontal surface area, but the
match heads also act as microlenses that converge incident light into the NW
structure underneath, thus minimizing unabsorbed light penetrating into the
substrate. Simulation shows that NW arrays with match heads have much
higher absorption than similar arrays without match heads. Further details on

Figure 31.12 Optical photograph of a 6-in wafer with NW arrays fabricated using stepper
photolithography and dry etching. (L ¼ 10 mm, d ¼ 500 nm, p ¼ 1.5 mm.)
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match head formation and their effects on optical absorption will be reported
in a future publication.16

31.5 Conclusion and Outlook

Simulation results suggest that the optimal configuration for NW arrays is to
minimize NW spacing (pitch) and diameter. Small NW spacing facilitates
light scattering and thus enhances the absorption, even with short vertical
absorption length. With small spacing, where light scattering is dominant, this
approach does not need much material volume to totally absorb the incident
light. However, in reality, it is still difficult to realize such a configuration with
current technology. Small dimensions present extra challenges for both top-
down core etching and CVD shell growth. One would have to compromise
between the absorption efficiency dictated by array design and the electrical
performance governed by the cleanness and dimensional limitations of the
fabrication process. Using a nonoptimized design (L ¼ 7 mm, d ¼ 1.65 mm,
and p ¼ 5 mm), we have demonstrated a NW solar cell with 60% external
quantum efficiency and 10% power conversion efficiency,16 efficiencies that
are comparable to the record values of efficiencies for NW solar cells at the
time of this writeup.12 It is expected that with further design optimization and
further advances in fabrication to realize the theoretically optimized structure,
the device efficiency should be considerably higher. An efficiency of 15% or
above would have significant implications for the use of this NW approach for
solar cells and would prove the approach to be a viable candidate in the market.

In addition to further pushing top-down etching to achieve small spacing
and small diameters, the bottom-up approach to NW synthesis can be a viable
alternative, considering the pros and cons of both methods for fabricating
small NWs. VLS NWs can be grown with sub-100-nm diameters and do not
suffer from small-spacing effects (on the order of few hundreds of
nanometers), in contrast to those realized through top-down fabrication.
Future improvements in NW verticality may become available with optimized
growth conditions, and even in the nonoptimized case, slanted and touching
NWs should not affect device performance because all NWs are electrically
connected in parallel.

While research in NW solar cells is still at an early stage of demonstrating
the capability of the system, the ultimate goal is to realize size-expandable,
low-cost, high-performance cells. With the current fabrication scheme, the
bottle neck for wafer scaling is the use of e-beam lithography for either mask
formation in the top-down approach, or metal patterns in the bottom-up
approach. However, such drawbacks can be easily overcome with alternative
methods such as nanoimprint19 or nanosphere photolithography,20 or stepper
photolithography. Thus, the present technology, once demonstrated, should
be viable at large-scale production. For a proof of capability, the present
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authors have fabricated NW arrays over a 6-in wafer using stepper
photolithography and dry etching (Fig. 31.12).

An effort to further reduce fabrication cost involves integrating NW solar
cells onto low-cost alternative substrates. Compared to other solar cell
technologies such as bulk silicon solar cells, NWs are more advantageous due
to their arrayed structure where the gap between NWs makes the structure
more flexible and can release stress arising from heterogeneous integration,
especially for integration on flexible substrates. NW solar cells integrated on
low-cost substrates have been shown by using direct CVD synthesis on an
alternative substrate with a buffer layer,6,21 and by embedding the NW array
in a flexible polymer film for transferring to alternative substrates.22,23

Although device performance of solar cells on foreign substrates is still
limited, the large number of approaches to realize such devices and the rapid
progress made in recent years suggest that NW solar cells may very well
compete with existing planar technology.
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