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Abstract: I1I-V semiconductor nanowires behave as optical antennae because of their shape
anisotropy and high refractive index. The antennae like behavior modifies the absorption and
emission properties of nanowires compared to planar materials. Nanowires absorb light more
efficiently compared to an equivalent volume planar material, leading to higher short circuit
current densities. The modified emission from the nanowires has the potential to increase the
open circuit voltage from nanowire solar cells compared to planar solar cells. In order to
achieve high efficiency nanowire solar cells it is essential to control the surface state density
and doping in nanowires. We review the physics of nanowire solar cells and progress made in
addressing the surface recombination and doping of nanowires, with emphasis on GaAs and
InP materials.
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1. Introduction

One of the requirements to achieve high efficiency in solar cells is the ability to maintain
large optical thickness to facilitate efficient light absorption and small electrical thickness to
facilitate efficient photogenerated carrier collection at the contacts. ‘Light trapping’ is
conventionally used to decouple the optical and electrical thickness of solar cells, thereby
enabling solar cells with low quality absorbers (materials with small minority carrier diffusion
length). Semiconductor nanowires are anisotropic structures with base dimensions of the
order of few 10-100 nms and longitudinal dimensions of the order of few microns. The shape
anisotropy of nanowires provides opportunities to decouple the optical and electrical
thickness of solar cells. Seminal work by Kayes et. al. [1] that proposed the design of radial
junction nanowire solar cells, where the longitudinal dimensions and lateral dimensions of
nanowires determine the optical and electrical thickness of a nanowire solar cell sparked huge
interest in the research of nanowire solar cells. Since then, there have been a lot of
publications, both theoretical and experimental, discussing and demonstrating various aspects
of nanowire solar cells.

While nanowires of any semiconducting material offer above advantages for solar cells,
III-V compound semiconductors like GaAs and InP are especially promising for
photovoltaics because of their direct bandgaps, close to the ideal value for maximizing power
conversion efficiency under AM 1.5 G spectrum. Highest efficiency of 13.8% and 15.3% has
been demonstrated for InP [2] and GaAs [3] nanowire array solar cells under 1 sun
illumination. While these efficiencies look promising, they are significantly lower than the
theoretical maximum efficiencies that can be achieved in nanowire solar cells. We review the
understanding developed on nanowire solar cells, with regards to maximum short circuit
current density, J_, and open circuit voltage, ¥ , in the context of single nanowires with

illumination either parallel or perpendicular to the nanowire axis and nanowire arrays. While
the theoretical concepts discussed in the manuscript are applicable to any semiconductor
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material, we review the challenges limiting the nanowire solar cell efficiencies with emphasis
on [1I-V compound semiconductors, in particular GaAs and InP.

2. Currents in a nanowire solar cell

III-V semiconductor nanowires, despite their small cross-section dimensions, exhibit strong
waveguiding properties for light with energy close to or less than the bandgap energy of the
semiconductor because of high refractive index of the semiconductor in this energy range. For
this reason, compound semiconductor nanowires behave as optical antennae: (i) they have the
ability to concentrate incident light [4-6] and (ii) they have directional emission and
absorption properties [7-9]. The ability of the nanowires to concentrate incident light enables
efficient (near perfect) light absorption in small volume material [2-6]. Reducing the
semiconductor volume required for efficient light absorption is an important criteria for
lowering the materials costs associated with solar cells. We will discuss the light
concentration ability of nanowires in this section, and the directional light emission properties
of nanowires in the context of V,_(Section 3).

Firstly, we give a brief description of the waveguiding properties of semiconductor
nanowires. Considering nanowires as cylinders with uniform cross section dimensions, and
solving Maxwell’s equations with appropriate boundary conditions [10,11] yields Eigen
modes of two different kinds for the nanowires. One class of solutions have the Poynting
vector or power flow in the plane of the nanowire cross section (x-y plane) and are known as
the whispering gallery modes or the leaky modes [Fig. 1(a)]. These modes are also described
by the Mie theory. The second class of solutions have Poynting vector (power flow) along the
nanowire axis (z-axis), and are known as the conventional waveguide modes [Fig. 1(b)].

The light incident on the nanowires can couple to the resonant modes supported in the
nanowire. This provides an opportunity to engineer the light absorption in nanowires by
controlling their physical dimensions. When the resonant modes supported in the nanowires
are leaky, the overlap between the incident electromagnetic field and the guided mode profile
is maximized, facilitating efficient coupling with incident light. The absorption properties of a
horizontal nanowire [Fig. 1(c)] are determined by leaky-mode resonances or the Mie
resonances supported in the nanowire [12] and the absorption properties of a vertical
nanowire [Fig. 1(d)] are determined by the conventional waveguide modes [6].
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(a) (c)

Fig. 1. (a) Poynting vector or direction of power flow for whispering gallery modes. The power
flow is in the x-y plane or in a plane perpendicular to the nanowire axis. (b) Poynting vector or
direction of power flow for conventional waveguide modes. The power flow is along the axis
of the nanowire — z axis. (c), (d) the two illumination configurations discussed in the
manuscript: (c) is the horizontal illumination configuration where light is incident on the
nanowire in a direction perpendicular to its axis. (d) represents the vertical illumination
configuration where light is incident on the nanowire in a direction parallel to its axis.

The absorption in the nanowire (in either vertical or horizontal illumination
configuration), and hence the maximum current generated in a nanowire solar cell depends on
the density of the corresponding resonant modes supported over the solar spectrum and their
effective indices [13]. The absorption associated with a resonant mode in the nanowire is
given by

pP=fc

abs

(DI(DdA M

Where 7(A)is the photon flux in the solar spectrum, C,, (A4)is the absorption cross-section

of the nanowire and the integration is over the entire solar spectrum. The absorption
associated with the resonant mode is maximized when the radiative loss of the mode is tuned
to match the intrinsic absorption loss of the material of the nanowire, leading to ‘critical
coupling’ between the incident solar spectrum and the resonant mode of the nanowire [13,14].
The total absorption is given by the sum of product of mode density and absorption associated
with the corresponding resonant mode at each wavelength in the solar spectrum. Thus
increasing the density of resonant modes supported in the nanowires over the solar spectrum
will maximize absorption in the nanowire [5].

Numerical methods such as Finite Difference Time Domain (FDTD) or Rigorous Coupled
Wave Theory (RCWA) are widely used to determine the absorption properties of nanowires.
However, absorption resulting from Mie resonances can also be analytically modelled [5,15].
Because of the Mie resonances supported in a nanowire and efficient coupling of incident
light to these resonances, the absorption in a horizontal nanowire is enhanced compared to a
planar semiconductor of equivalent volume [5]. Likewise, for a vertical nanowire the
absorption is enhanced compared to a planar semiconductor of equivalent volume because of
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efficient coupling of incident light into conventional waveguide modes [6]. One of the
advantages of using nanowires for solar cells is thus, the ability to generate similar currents
using smaller volumes of semiconductors. For both vertical and horizontal illumination
configurations, the maximum short circuit current density, J_ that can be generated from the

nanowire solar cell depends on the physical dimensions of the nanowire and shows
oscillations with nanowire diameter [5,6]. The oscillations in J for a horizontal InP

nanowire are shown in Fig. 2 and are a consequence of waveguiding properties of the
nanowires. This behavior is contrary to what is seen for a planar solar cell. For a planar solar
cell, the current density initially increases with the thickness of the absorber and saturates at
the maximum value represented by the dashed horizontal line in Fig. 2.

J,, (mA/cm?)

100 200 300 400
Diameter (nm)

Fig. 2. Oscillations in numerically evaluated J_. for an InP nanowire, as a function of the

nanowire diameter. The horizontal dashed line represents the theoretical limit for .J. s fora

planar InP solar cell. The inset represents the illumination configuration for the nanowire solar
cell.

The absorption properties of nanowires can be modified/improved further by use of
conformal dielectric shells around the nanowires. Low refractive index dielectric shells
around the nanowire affect the density and spectral position of resonant modes supported in a
nanowire. The dielectric shells also change the radiative loss associated with the resonant
modes, and hence influence the in-coupling of incident light into the nanowires and its
absorption properties [13,16]. Increase in short circuit current density of a nanowire solar cell
has been experimentally achieved by conformally coating the nanowire with a dielectric shell
[17]. Thus thickness and refractive index of dielectric shells around the nanowire can be used
as an additional degree of freedom to engineer the absorption properties of nanowires.

Early demonstrations that nanowire arrays with very small filling fraction (~5%) can
achieve similar absorption as in an equivalent thickness Si layer with Lambertian (~4n°) path
length enhancement [18] suggest that the absorption in a nanowire array is also dominated by
the waveguiding properties of individual nanowires in the array, rather than the collective
photonic crystal like behavior of the array. Studies on optimizing or maximizing the
absorption in nanowire arrays also suggest that the behavior of the nanowire array can be
modelled using a single nanowire [13], if the separation between adjacent nanowires is
comparable to or larger than the size of the nanowires.
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3. Open circuit voltage in a nanowire solar cell

In this section, we will discuss the maximum open circuit voltage, V, achievable in a

nanowire solar cell. This value can be calculated using the detailed balance approach
[5,6,19].The detailed balance analysis is based on balancing or equating the incoming photon
flux to the sum of outgoing photon flux and particle flux at open circuit condition. Assuming
perfect material quality and no non-radiative recombination,

F+F,=F(V)+~ 5
q

where F,and F, are the carrier generation rates in the solar cell due to incident solar photons

and the surrounding black body radiation at solar cell ambient temperature, T, respectively,

F, (V) is the bias-dependent radiative recombination rate and — is the carrier extraction rate
q

from the solar cell as external current, 7 .
F and F, are given by

/IE
F, == [ A1(A)C,, (1.6.0)d 3
he
2z Ilﬂﬂ
F, = [ dg[ [ b(A,T.)C,,(4,6,9)sin 0dAd0 4)
0 00

where I(A)is the AMI.5 solar spectral irradiance, C,, (4,6,¢)is the absorption cross-
section of the solar cell corresponding to the angle of incidence defined by the polar angle
@ and azimuthal angle ¢, ﬂg is the bandgap wavelength of the absorber, % is the Plank’s
constant, cis the velocity of light and b(A4,7.)is black-body radiation [20] at temperature

T, calculated using Plank’s law. F, (V) is given by [5,6,19]:

qV
F (V)=F exp| — 5
L(V)=F, p(m] ()
where £, is the Boltzmann constant and ¥ is the applied voltage.

The open circuit voltage, V.

oc?

can be determined from Eq. (2) by setting / =0:

K,T F +F
V,,C — b7 c ln[ s z‘oj (6)
q

co

The absorption cross-section, C,, (/1, 6,¢) , for a planar solar cell is defined as the product of

the absorption coefficient of the absorber and the illumination area of the solar cell.
C, (4,6,0) can be calculated analytically [15] for a horizontal nanowire and numerically

determined for a vertical nanowire [6]. The V,_for nanowires in both configurations exceeds
that of a planar solar cell [5,6]. Interestingly, similar to J,

. » the V_shows oscillations with
increasing nanowire diameter as shown in Fig. 3 for a horizontal InP nanowire, and is also a
consequence of waveguided/leaky modes supported in the nanowire [5,6]. The inbuilt light

concentration in nanowires due to efficient coupling of incident light into waveguided modes
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is equivalent to increasing the light generated current without affecting the reverse saturation
current, and hence leads to an increase in V.

Nanowire

— — Planar

1.08 +

Ve V)

1.06 +

1.04 4

100 200 300 400
Diameter (nm)

Fig. 3. Limiting value for the open circuit voltage achievable in a planar InP solar cell and a
horizontal InP nanowire solar cell. Inset shows the nanowire illumination configuration.

The upper limit for the open circuit voltage of a solar cell can also be evaluated using a
thermodynamics approach [21-23], and gives an alternative perspective on understanding the
behavior of nanowire solar cells. The upper limit for the open circuit voltage, ¥V, of a solar
cell is determined by the Carnot’s efficiency and the additional entropic losses that include
thermalization loss, Etendue expansion loss and nonradiative loss [Eq. (7)].

T T Q
V. =E{1-—=|+kTIn| = |-kTIn| — |+In|QOF 7
q oc |: T:| b*c |:T:| b" e |:Q :| [Q ] ()

s K] sun

where ¢ is the charge of an electron, 7, and T, are the temperature of the solar cell and the
sun, respectively, k, is the Boltzmann constant, Q_ is the solid angle for absorption, Q,, is
the solid angle for emission and QF is the quantum efficiency or radiative efficiency of the

absorber. The first term on the right of Eq. (7) represents loss associated with conversion of
photon energy into electrical energy in accordance with the Carnot’s theorem, the second
term represents the entropy losses due to thermal energy of carriers in the absorber. The third

term is the voltage loss due to mismatch between the absorption (€, )and emission

(€, )solid angles and the last term represents the loss associated with non-radiative
recombination in the absorber and hence is related to its optoelectronic quality.

The spontaneous emission from a conventional, bulk, planar solar cell is emitted into a
solid angle of Q_ =47 sr, but the incoming light is incident within Q_ =6x107 sr [24].

This mismatch between the absorption and emission solid angles may lead to V  reduction
of ~300 mV. A significant gain in the ¥ of a solar cell can be obtained by restricting the
directionality of emission from the solar cell [25-27]. High V,_has been achieved in case of
planar solar cells by restricting the solid angle for light emission from GaAs solar cells using
different approaches [28-30].

As discussed earlier, because of the waveguiding properties of III-V semiconductor

nanowires, they behave as antennae and hence exhibit directional absorption and emission
properties. The nanowire antennae behavior has been experimentally studied using the
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Fourier imaging technique [7,9,31]. The ability to restrict the solid angle of spontaneous
emission in nanowires by exploiting their waveguiding properties is promising to increase the
V. . achievable in nanowire solar cells by reducing the entropic losses associated with

mismatch between solid angle for absorption and emission in a solar cell (third term on the
right in Eq. (7). For optimal parameters, spontaneous emission from nanowire arrays is also
anisotropic. Emission into the high index substrate is reduced compared to a planar
semiconductor [32]. Enhanced, directional light extraction from nanowires can also be
achieved by introducing gradual tapering into the nanowires [33-35]. Directional light
extraction from nanowires has been extensively investigated in the context of single photon
emitters, and has the potential to increase the V from nanowire solar cells. High ¥ in

nanowire array solar cells compared to their bulk counterparts has been predicted using
numerical calculations [36,37], and also experimentally observed in case of InP nanowire
array solar cells [2].

Using nanowire arrays for solar cells increases the free surface area and reduces the bulk
volume of the solar cell significantly. Surface state assisted non-radiative recombination is a
serious issue for nanowires, especially for GaAs because of its large surface recombination
velocity. But very good surface passivation can be achieved using chemical methods or by
growing a larger bandgap shell around the nanowires, as will be discussed in section 5.
Assuming good surface passivation, nanowire arrays reduce the bulk non-radiative
recombination in the solar cell and hence the reverse saturation current density by a factor
equal to the volume fill fraction of the array, without compromising the absorption of incident
light. Reduction in the dark current density without limiting incident light absorption also has
advantages for achieving high ¥V, from the nanowire array solar cells, as can be seen from Eq.

(6) (light generated current varies as F, and the dark current varies as F, ).

Numerical calculations indicate that the efficiency of a nanowire array solar cell can reach
~42% (32.5%) for bandgap ~1.43 eV (1.34 eV) under AM 1.5 solar spectrum, and exceed that
of a planar, bulk solar cell [32,34] with the same bandgap under similar illumination. The
efficiency gain is due to increase in V, as a consequence of inherent light concentration
ability and directional emission of the nanowire array. As discussed earlier, the light
concentration ability of the array is equivalent to reducing the reverse saturation current
without compromising light absorption, and directional emission is equivalent to reducing the
mismatch between absorption and emission solid angles from the nanowire array.

The behavior of ¥V in single nanowires that we have discussed using the detailed balance

approach, can also be understood using the entropic loss approach [Eq. (7)]. The light
generated current in the solar cell and the dark current are related to Q__and Q

respectively. The open circuit voltage from the solar cell varies as the log of the ratio of the
light generated current and the dark current [Eq. (6)], and can be increased by increasing
Q_ orreducing €, . Light concentration effect that gives rise to excellent light absorption

properties of the nanowires is equivalent to increasing the solid angle of absorption €, . The
directional emission from nanowires is equivalent to reducing €2 . This reduces the entropy
term associated with reduction in ¥, (third term on the right hand side of Eq. (7) and leads to
higher ¥V in the solar cell.

Since both J__ and ¥, of single nanowire solar cells are higher than those in an equivalent

volume planar solar cell with the same absorber, single nanowire solar cells have higher
efficiencies compared to planar solar cells of equivalent volume. As discussed earlier, both
J.and V, show oscillations with nanowire diameter. Hence the ultimate efficiency of a

single nanowire solar cell is also a function of physical dimensions of the nanowire, not just
its bandgap. The ultimate efficiency for a nanowire array solar cell is also higher than a planar
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solar cell. In this case, the efficiency advantage comes from higher V. The maximum J_ is

the same as in a planar solar cell, although this current density can be achieved with lower
volume absorber material.

4, Electrical design

In addition to the theoretical ultimate efficiency advantage for nanowire solar cells discussed
in section 3, the junction configuration in the nanowires may also have advantages for
photogenerated carrier separation and collection. The device physics of nanowire solar cells
was first studied by Brendan Kayes et. al. [1]. The performance characteristics (short circuit
current density, open circuit voltage, fill-factor and efficiency) of a nanowire solar cell with
radial p-n junctions in each nanowire were compared to that of a planar, bulk solar cell with
the same active material and thickness equal to the length/height of the nanowire array. The
analytical model presented allows to study the effect of material quality (minority carrier
diffusion length) and structural parameters of the nanowire array on the performance of a
nanowire solar cell, and compare it to the characteristics of a bulk, planar solar cell.

The outcomes of the model suggest that the nanowire geometry is beneficial for
photogenerated carrier collection in solar cells when the minority carrier diffusion length in
the active material is much smaller than the thickness required to absorb a significant portion
of the incident solar spectrum. Under these conditions, radial junction nanowire solar cells
present superior performance characteristics due to their ability to decouple the optical
thickness of the solar cell from its electrical thickness. However, in order to take advantage of
the ability of radial junction nanowires to decouple the optical and electrical thickness of the
solar cell, the trap level or the recombination in the depletion region of the p-n junction in the
nanowires should be minimized. For direct bandgap semiconductors like GaAs and InP, the
optical thickness required for efficient absorption of incident solar spectrum is of the order of
few 100s of nms. Minority carrier diffusion lengths of the order of few 100 nms are routinely
achieved for epitaxial III-V semiconductors. Hence, radial junction nanowire solar cells may
not present any advantages over their bulk counterparts in terms of photogenerated carrier
collection abilities for epitaxial III-V semiconductors.

While the above discussed model takes into account surface recombination, free carrier
absorption and junction recombination, it does not account for the light trapping properties of
nanowires. Light absorption in nanowires was assumed to be similar to bulk material of
equivalent thickness. Analytical model that takes into account the light trapping ability of
nanowire arrays was later developed in 2011 [38], and the main outcomes of the study
essentially re-iterated that the nanowire configuration for solar cells has advantages in terms
of enhanced photo-generated carrier collection efficiencies only for materials with low
minority carrier diffusion lengths compared to the required optical thickness, and only when
the recombination in the depletion region of the p-n junction can be minimized.

An analysis of the effect of contacting approach on the performance characteristics of a
radial p-n junction nanowire array solar cell was later developed [39]. The study focused on
GaAs nanowires, considering its large surface recombination velocity (~10° cm/s) and
existence of near midgap Fermi level pinning due to charge traps created at GaAs/metal
interface. The study illustrates that in order to achieve high power conversion efficiencies in
GaAs radial p-n junction nanowire array solar cells, the nanowire sidewalls should be
passivated to eliminate surface charge traps and the nanowires should be contacted on the tip.
With contacts on the sidewalls of the nanowires, the power conversion efficiency of the
nanowire array solar cell is drastically reduced due to surface depletion in the nanowire.

None of the above studies take into account the non-uniform carrier generation profiles
that result from light trapping in nanowire arrays. While these models provide an
understanding of the effect of material and junction quality on the performance of nanowire
array solar cells, the actual carrier generation profile should be considered for optimizing the
design of nanowire array solar cells [40].
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5. Challenges

While the inherent light concentration ability of nanowires potentially promises high power
conversion efficiencies through the physical phenomena discussed in sections 2 and 3, the
ability to realize these promised efficiencies in a practical device are reliant on the ability to
separate and collect photo-generated electrons and holes through the electrical contacts.
Surface state engineering and the ability to achieve controlled doping of nanowires are
essential for efficient separation and collection of photo-generated carriers from nanowire
solar cells. We will discuss the challenges associated with and the current status of surface
passivation and doping of nanowires in this section.

First, we will discuss the issues arising due to surface states and the progress made to
minimize surface state effects in nanowires. The surface states in semiconductor nanowires
influence both optical and electrical properties. Electron/hole traps at the nanowire surface
introduce parasitic non-radiative recombination processes and degrade the nanowire device
performance. The surface state assisted recombination reduces the non-radiative lifetime of
minority carriers in the nanowires. Fermi level pinning due to high density of surface states
may deplete the entire nanowire of free charge carriers, severely degrading its electrical
properties [41-45]. Surface band bending also affects the ability to form good Ohmic contacts
to nanowires, severely degrading the performance of nanowire based devices.

To alleviate these problems it is essential to be able to control the surface state density or
surface recombination velocity and doping of nanowires. The surface recombination velocity
for InP is three orders of magnitude smaller than the surface recombination velocity of GaAs
[46,47], and is not as serious an issue for nanowire devices as it is for GaAs. For this reason
most of the published research on engineering nanowire surface states focuses on GaAs rather
than InP. The surface state density in compound semiconductors is controlled via surface
passivation. Both chemical methods and in situ growth of higher bandgap layers have been
used to passivate/control surface state density in III-V semiconductor nanowires. Chemical
passivation methods rely on cleaning native oxides from the surface of the semiconductor and
forming a thin, chemically inert layer. Sulfur passivation using Na,S.9H,0 or (NH,4),S, has
been used to chemically passivate bulk and nanowire GaAs surfaces [48—53]. A thin layer of
GaN can be formed on the GaAs surface through chemical reaction [54,55]. Larger Ga-N
bond strength prevents formation of native oxide on the semiconductor surface and reduces
surface state density [54]. Chemical treatment in a solution of butanol/HF/trioctylphosphine
has been used to passivate InP nanowires [56]. All these chemical approaches have resulted in
enhanced photoluminescence and conductivity in nanowires [50,55,56]. While the chemical
approaches to reduce the surface state density in nanowires are as effective as in situ growth
of larger bandgap materials, surface passivation using chemical approaches only survive for
few months under ambient conditions [53,55,57].

‘Surface free’ epitaxial bulk semiconductors are routinely grown using in situ surface
passivation. For example, bulk GaAs layers can be made ‘surface free’ by AlGaAs
passivation [58]. AlGaAs is lattice matched to GaAs for a wide composition range and its
larger bandgap prevents carriers in GaAs from accessing surface states. Long term stable
surface passivation can be achieved in GaAs nanowires by growing lattice matched AlGaAs
shells around the nanowire core. An AlGaAs shell reduces the surface state/trap density in
GaAs nanowires leading to enhanced minority carrier lifetimes, carrier mobilities and
diffusion lengths [43,44,59—61]. The surface recombination velocity for bare (unpassivated)
GaAs nanowires is ~10° cm/s [52]. With AlGaAs passivation, the surface recombination
velocity is reduced by three orders of magnitude [43,44], enabling minority carrier lifetimes
of the order of 1-3 ns. Lattice matched or strained InGaP can also be used to passivate GaAs
surfaces because of its larger bandgap. InGaP shells have been used to passivate GaAs
nanowire surfaces, resulting in enhanced luminescence efficiency [62] and higher efficiency
GaAs nanowire array solar cells [63]. Lattice mismatched growth of few monolayer thick InP
and GaP shells on GaAs nanowires has also been demonstrated as an avenue for passivating
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GaAs nanowire surfaces [64]. The observed surface passivation effect in terms of increase in
photoluminescence intensity was comparable to that achieved using lattice matched AlGaAs
shells around GaAs nanowires.

The conventional approach to separate photo-generated electron-hole pairs in an inorganic
solar cell is to use the field gradients generated at a p-n junction. As discussed in section 2,
most of the incident light can be absorbed in nanowires with axial dimensions of ~2 pm and
lateral dimensions of few 100 nms. Considering the dimensions of nanowires required for
efficient light absorption and the depletion region widths, it is essential to be able to control
the doping in nanowires very precisely for solar cell applications. Diffusion doping may not
be suitable for nanowire solar cells as it results in a less-sharp dopant profile. For this reason,
epitaxial growth of doped nanowires is a better option. However, epitaxial growth and doping
of nanowires is very different to that of planar epitaxy because of different growth
temperatures, growth facets and growth mechanisms and may be an issue for achieving
excellent control on doping as is routinely achieved in the case of planar samples.

The first report on growth of doped nanowires was published as early as 1992 [65]. They
demonstrated light emission from p-n junctions formed in GaAs nanowires. Following this
report, both n- and p-doped bulk GaAs and InP nanowires were grown. Si, Te and Sn were
investigated as donors [66—73] and Zn, Be and C were investigated as acceptors for doping
bulk GaAs and InP nanowires [69—79]. The amphoteric nature of Si has enabled its use as an
acceptor as well in GaAs [80-82]. Both n- and p- doping concentrations as high as 10'/cm®
were achieved in GaAs and InP nanowires. However, bulk doping resulted in reduced carrier
mobilities in the nanowire due to impurity scattering [83]. It is important to ensure that the
immobile ionized donor/acceptor atoms do not compromise the electrical properties of
nanowires via impurity scattering. Modulation doping, where dopants or donors/acceptors are
not directly incorporated into the core of the nanowire has been predicted to improve the
charge transport properties of nanowires [84]. Following these predictions, modulation
doping has been investigated as an approach to improve charge carrier concentration without
increasing impurity scattering in nanowires. Si modulation doping has been used to increase
the electron concentration in GaAs core of AlGaAs passivated nanowires to ~1 x 10'%/cm’
[85,86] without degrading the electron mobility compared to undoped nanowires. The effect
of Si bulk and modulation doping on the structural morphology of GaAs/AlGaAs nanowires
has also been investigated [87].

6. Outlook

From fundamental efficiency limitations point of view, nanowire solar cells have the ability to
surpass the efficiency of planar, bulk solar cells. The growth of very good optical quality
nanowires and nanowire arrays with control on position and dimensions of nanowires has
been achieved by several research groups. The major limiting factor in achieving high
efficiencies in nanowire solar cells has been the challenges associated with photogenerated
carrier separation and collection phenomenon. Improvements in nanofabrication techniques
and the ability to achieve good control on doping the nanowires are required to attain high
efficiency nanowire solar cells. Characterisation techniques to analyze the doping and related
optoelectronic properties of semiconductors also need to be adapted to suit nanowires. With
these developments, nanowire solar cells offer the promise of efficiencies higher than their
bulk counterparts, but with smaller active volumes. Alternative solar cell designs that do not
require controlled doping in nanowires are also very interesting and promising to overcome
the current challenges with achieving high efficiencies in nanowire solar cells. Such designs
exploit electron transparent, hole blocking and electron blocking, hole transparent contacts for
photogenerated carrier separation instead of relying on electric field gradients generated by
doping the nanowires.
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