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Towards high efficiency nanowire solar cells

Gaute Otnes and Magnus T. Borgstrom

Division of Solid State Physics and NanoLund, Lund University, P.O. Box 118, SE-221 00 Lund, Sweden

GRAPHICAL ABSTRACT

llI-V nanowire array solar cell performance under one sun
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SUMMARY Semiconductor nanowires are a class of materials recently gaining increasing interest for
solar cell applications. In this article we review the development of the field with a special focus on the
I11-V materials due to their potential to reach high power conversion efficiencies. After introducing basic
concepts of nanowire synthesis, we discuss important aspects of nanowire design for high power
conversion efficiencies; first in terms of light absorption, then in terms of charge carrier separation and
collection. Further, we examine methods to assess and understand the materials quality and the solar cell
performance. We end the review by a discussion of strategies and challenges in achieving efficiencies

above the Shockley-Queisser limit, and the potential for cost efficient production.
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Introduction

One of the greatest challenges to mankind in the 21% century is the transition from an energy system
based on fossil fuels to one based on sustainable and renewable resources [1], in which solar cells converting
sunlight directly into electricity will play a central role. Installed capacity for solar energy production has
increased exponentially since the beginning of the century, experiencing an average annual growth rate of
about 40 % [2], driven by a rapidly decreasing cost and strong political subsidies. To maintain high growth
in installed capacity and make solar energy a major contributor in the energy mix, increasing the solar cell
power conversion efficiency (PCE) is especially important since it will cut all costs scaling with system
size, and therefore have a much larger impact on total system cost than an equivalent decrease in cell
production cost [3,4]. While close to the entire terrestrial solar cell market today is based on planar single
junction solar cells, limited in PCE by the Shockley-Queisser limit of about 33 %, a wide number of concepts
are actively pursued to reach higher PCE [5-8]. Amongst these, an increasing effort has in recent years been

devoted to the use of nanostructured solar cell materials [9,10].

Semiconductor nanowires are high aspect ratio structures where two dimensions have length scales
between a few and hundreds of nanometers, which have found promising applications in a wide range of
areas [11]. Due to the small dimensions of the nanowires, they have several characteristics making them
interesting for solar cell applications [12-14]. nanowire solar cells have developed rapidly over the last
decade, increasing their PCE from the 5 % range to above 15 % in the last 5 years. In this paper we will
review the knowledge obtained from the research on achieving high efficiency nanowire solar cells, and

discuss how PCE can be improved further, ultimately past the Shockley-Queisser limit, while reducing cost.

I11-V materials have excellent electronic and optical properties, and by tuning alloy composition a
variety of bandgaps with almost a perfect fit to the solar spectrum can be synthesized. Solar cells made from
I11-V materials present the highest reported PCE for both single- and multi- junction planar [15] as well as
for nanowire solar cell devices [16,17]. Therefore, the 111-V materials system will be our main focus in this

review. Note however, that several other materials in the nanowire geometry have been studied for solar
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energy harvesting; most extensively Si [18-26], but also others such as CdS/CuS; [27], CdS/CdTe [28],
perovskites [29] and 111-N [30-32]. We will strive to include important results from these materials systems

when appropriate.

We start by introducing important aspects for nanowire synthesis; basics of nanowire growth and
the importance of the growth substrate and its patterning process. Thereafter, we discuss key guidelines
obtained from experiments and modelling in how a nanowire array solar cell should be designed; first to
maximize sunlight absorption, and second to achieve efficient charge carrier separation and extraction.
Further, we review methods to assess and understand the nanowire solar cell performance. Finally, we
conclude with a discussion of possibilities to reduce cost and to reach efficiencies beyond the Shockley-

Queisser limit for nanowire based solar cells.

Nanowire synthesis

A range of methods exists to fabricate 111-V nanowires, both top-down and bottom-up approaches. Many
of the benefits of 111-V nanowires as a solar cell material, such as materials savings and freedom in material
design, are largely lost when using a top-down fabrication approach. In this review we will therefore focus
on bottom-up nanowire synthesis, more specifically gas-phase epitaxial free-standing nanowire growth.
This class of synthesis techniques has been heavily studied for more than a decade, and a high level of
control is established when it comes to nanowire geometry, crystal structure, doping, and heterostructure
formation. So far, I111-V nanowires for solar cell applications have mainly been grown by metal-organic
vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). Other gas-phase epitaxy techniques
such as chemical beam epitaxy [33], laser ablation [34] and hydride vapor phase epitaxy [35] have also been
used for nanowire growth. In-depth reviews of the nanowire growth mechanism are available [11,36-38]
(other bottom-up synthesis methods are discussed in refs. [11,38]), and we will here briefly introduce the

main aspects of nanowire synthesis relevant to the discussions in this topical review.



The most common and well-studied approach for nanowire synthesis is to use a metal seed particle to
mediate growth through the vapor-liquid-solid (VLS) mechanism [39]. The constituent atoms of the growing
crystal, including any dopants, are provided in the vapor phase. For 111-V materials, at least one of these
growth species, typically the group 11l element, is dissolved in the seed particle. While a high level of
synthesis control has been established, the exact growth mechanism, for instance the detailed incorporation
pathways of the group V element, is still under debate. The seed particle is most often in a liquid state during
synthesis, even though growth from a solid particle in a vapor-solid-solid mechanism [40,41] is also
possible. While supersaturation in the vapor and liquid phase create the thermodynamic force driving the
growth species towards incorporation in the solid crystal, kinetically limited growth conditions lets
preferential interface nucleation at the liquid-solid interface ensure growth predominantly in one direction
[37]. To provide such growth conditions, most nanowires are grown at relatively low temperatures (350-
550 °C). So far, a metal seed particle of an element foreign to the growing material has been most commonly
used, with gold being the predominant material of choice. Other foreign metals for nanowire synthesis have
been studied [42] and might prove useful for nanowire solar cell fabrication in the future, but will not be
discussed further here. It is also possible to use a metal particle native to the grown semiconductor, such as

Ga in the growth of GaAs [43], in what is commonly referred to as self-catalyzed or self-seeded growth.

As an alternative to the metal-catalyzed growth mechanism for nanowires, selective area growth has
attracted increasing attention in recent years, mainly pioneered by the Fukui group [44,45]. Using this
technique for nanowire synthesis, holes in an inert mask on the growth substrate facilitate nucleation only
in certain locations. When growth conditions are carefully tailored, low-index faceted nanowires are formed
at these locations, and the difference in nucleation energy on the different facets ensures continued one-
dimensional growth [46]. The selective area growth is typically carried out at higher temperatures (500-750

°C) than VLS-growth.

Nanowire heterostructures



An important benefit in nanowire growth is the possibility to create heterostructures with reduced
requirements on lattice matching. For axial heterostructures (Fig. la), created by changing growth
precursors during axial nanowire growth, efficient strain relaxation via the free surface enables high quality
heterostructure materials unavailable in planar growth [47-51]. Radial nanowire heterostructures (Fig. 1b)
can be grown by altering growth conditions during synthesis from promotion of axial to promotion of radial
growth. This was first realized by Lauhon et al. [52], in the Si-Ge system. The shell is grown by deposition
through the vapor-solid mechanism similar to layer growth, with the nanowire side facets acting as the
growth substrate. Most often, this means growth at higher temperature for the shell compared to the core.
Note that, above a certain diameter of the nanowire core, lattice matching requirements will become limiting
for the shell growth. Reviews of growth and applications of nanowire based axial and radial heterostructures
are given in refs. [53,54]. For nanowire solar cells, these approaches can be used for example to create

surface passivating shells and tandem nanowire solar cell structures, as will be discussed later.
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Figure 1 Schematic of nanowire heterostructures. Nanowire heterostructures can be created in
both the axial (a) and radial (b) direction, by changing growth conditions during synthesis. In (b), a part of
the shell is removed to reveal the core. Green and blue colors indicate different materials. The sketch can

also illustrate axial and radial p-n junctions, with the green and blue parts indicating different type of doping.

Growth substrates

The growth substrate is a key element in any epitaxial growth process, both in terms of materials quality
and cost. As thoroughly reviewed in ref. [55] I11-V nanowires can grow in a range of different crystal
directions, but normally growth proceeds along the low-energy (111) (or, for wurtzite: (0001)) direction.
The vast majority of studies on I11-V nanowire solar cells therefore utilize growth from native (111)

substrates, resulting in nanowire arrays standing vertically with respect to the substrate surface.

In planar I11-V photovoltaic (PV) technology, lattice matching requirements severely limit the number
of possible substrates for growth, and high-cost substrates such as Ge are usually employed [56]. In the
nanowire geometry, the aforementioned relaxed lattice-matching requirements enable heteroepitaxy of I11-
V nanowires on a wide range of substrates, potentially much cheaper and better suited for large scale
processing. Amongst the foreign substrates, nanowire growth on Si [57-60] has attracted most attention for
solar cell applications due to the possibility to create nanowire-on-planar-Si tandem junctions, which will
be further discussed towards the end of this review. 111-V nanowire growth on other foreign substrates such

as SiOy/glass [48,61-63] or graphene/graphite [64—67] have been demonstrated, but is so far less developed.

Substrate patterning

For optimal performance of a nanowire array solar cell, growth from patterned substrates is a key

requirement. Even though optical absorption might not be limited by inhomogeneity in the nanowire array



[68], it is of importance to optimize all nanowires uniformly in terms of key parameters such as doping
profiles, passivation layers and emitter lengths. A patterned substrate functions as a template for nanowire
array growth, and the equidistant spacing and equal size of the growth centers ensures that all nanowires
experience similar growth conditions. Depending on the growth mode, the pattern consists of holes in a
growth mask for selective area and self-catalyzed growth, while gold particles with or without a surrounding
growth mask can be used for gold-catalyzed growth.

Several lithographic techniques have been employed for pattern formation for nanowire growth, as
reviewed by Fan et al [69]. Electron beam lithography (EBL) has been used extensively for growth of
nanowires in a controlled array [70-74] and offers great flexibility in pattern design, but is employing slow
sequential pattern writing. In comparison, nanoimprint lithography (NIL) has emerged as a promising
candidate for high-throughput and low-cost patterning for nanowire array growth [75-79], offering full
wafer processing and industrial compatibility [80]. Other techniques with potential benefits have been
utilized for nanowire growth, such as deep-UV lithography [81], laser interference lithography [82,83],
nanosphere lithography [68,84] and block copolymer lithography [85].

We note that even after the pattern on the substrate is successfully produced it might require significant
optimization to preserve the pattern through the stages of nanowire growth, due to problems such as seed
particle displacement [79] and surface contamination from the patterning procedure [76]. Considering the
complex interplay between seed particle pattern formation and nanowire growth conditions, we believe that
an untapped potential exists in extended collaborations between experts in the different fields of

nanopatterning and nanowire synthesis.

Nanowire design for optimal sunlight absorption

The first step in converting solar energy into electricity is the absorption of sunlight. One of the
most exciting features of nanowires as a solar cell material is the geometry dependent absorption
characteristics [86—91], giving them light interaction features not found in a bulk material. While a lot of
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important work has been devoted to absorption in horizontal nanowires, we will in the following focus on
vertically oriented nanowire arrays, in our opinion the most promising configuration for large area solar

energy harvesting by nanowires.

Tuning geometrically dependent absorption resonances in nanowire arrays

It is well established that an array of subwavelength diameter nanowires can absorb more light than
a thin-film made of the same amount of material [92-96], and that wave-optics instead of ray-optics is
needed to give a proper description of these systems [16]. Importantly, vertical nanowires have been shown
to absorb light from a larger area than their physical cross-section [97]. The geometry of a vertical nanowire
array is set by four different parameters (Fig. 2a); nanowire diameter, nanowire length, array pitch, and array
symmetry. We note that extensive important work has been done on understanding absorption in Si
nanowire arrays, with a selection given as refs. [92,98-104]. However, due to the substantially different
absorption characteristics of direct and indirect bandgap materials, care should be taken if transferring
knowledge directly between Si and I11-V materials. We will base our discussion of optimizing absorption
mainly on studies published on direct bandgap nanowires, relevant to the 111-V materials which at low

material use offer efficient light absorption, also close to the bandgap.

The optical modes in nanowire arrays are strongly dependent on nanowire diameter, but less
dependent on the array pitch and nanowire length [96,105-107]. This indicates that the modes are inherent
to the single nanowire, and several authors report that they do in fact originate from the HE;, waveguide
modes in individual nanowires [93,107,108]. Anttu and Xu [107] found a maximized ultimate efficiency
[109] for an InP nanowire array solar cell when the absorption resonance energy was placed close to the
bandgap of the material, where the absorption coefficient is smaller than at higher energies, and proposed
this resonant absorption enhancement to be a general design rule. Its validity is supported by other studies

on both InP [93,96,110] and GaAs [94,96,108,111-113] where an optimized sunlight absorption efficiency



is found at nanowire diameters of 150-180 nm, where light with energy close to the bandgap is efficiently
coupled into the HE1: waveguide mode for InP and GaAs nanowires (for InP, see Fig. 2b). Furthermore,
Anttu and Xu outlined a simple rescaling method to obtain these optimal diameters for other direct bandgap

semiconductors, based on their bandgap and refractive index [107].
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Figure 2 Geometry dependence of absorption in a nanowire array. (a) Sketch illustrating the four

parameters defining the geometry of a nanowire array; nanowire length (L), nanowire diameter (D), array
pitch (p) and array symmetry (exemplified by the two most common: square and hexagonal). (b) Ultimate
efficiency () of an InP nanowire array as a function of p and D for a fixed L = 2000 nm. Two local maxima
can be seen, #1 and 2. The inset shows a line-cut of # as a function of D for p = 340 nm (solid line). In this
inset is shown also #max = 0.463 (dashed line), the maximum possible ultimate efficiency of InP. (c)
Maximum ultimate efficiency for #:1 (solid red line) and 7. (dashed blue line) plotted against L. #max is also

shown (dashed-dotted black line). (b) and (c) reprinted from [107]. Copyright 2013 OSA.



If going to bigger diameters than the optimal, the resonance energy moves into the non-absorbing
regime of the semiconductor [108]. Higher order modes such as the HE;» can then be used instead, at the
expense of somewhat weaker coupling [108,111]. In addition, with increased diameters, issues with lattice
matching requirements become more relevant. At much smaller nanowire diameters than the optimal,
absorption at long wavelengths is lost [93,107,114], which cannot be compensated by denser packing of the

array.

Importantly, the nanowire array can act as an antireflection (AR) layer. For example, the reflection
from thin nanowires is much lower than for a thin film due to an enhanced transmission [95,105]. This can
be understood as the nanowires providing an effective refractive index between that of air and the underlying
substrate, suppressing reflection across a wide range of wavelengths [115,116]. This effect is also present
in thicker nanowires, and in nanowire-on-planar tandem solar cell designs where the nanowires can act both
as a top-cell absorbing light above its bandgap, and as an AR coating for the non-absorbed wavelengths
transmitted to the bottom cell [114]. By allowing for dual-diameter or graded diameters, the nanowire

geometry can be used fully to optimize light absorption [117,118].

With nanowire diameter tuned to optimize the sunlight absorption of the individual nanowires,
efficiencies can be further improved by changing the other geometrical parameters to maximize the amount
of absorbing semiconductor material in the array while keeping the insertion reflection losses at the top
surface low [107]. For instance, an increasing nanowire length benefits absorption until approaching a
saturation limit [96,106,119] (Fig. 2c), while for a fixed length and diameter an optimum in pitch is generally
found [68,93,106,107] (Fig. 2b). The final geometrical parameter of array symmetry has in comparison to
the others been found to have little effect on the absorption properties [120]. We note that to optimize carrier
extraction and/or ease growth and fabrication requirements in actual devices, some compromises might be

needed with regard to the length and pitch giving the maximum absorption.
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The discussion above regarding optimal geometries for light absorption is largely based on
theoretical work, but experimental studies also confirm the outlined trends and have proven the strong
absorption possible in nanowire arrays [108,119,121]. To optimize light absorption, the processing of the
nanowire array into full solar cells introduces additional parameters that might be tuned. For instance, it
has been shown that a dielectric shell can have a significant influence on nanowire light absorption [122—
124], while the shape of the ITO top contact can be used to improve light coupling into the nanowire array
[125]. For use without a solar tracking unit, an important point is that the nanowire array solar cells maintain

their excellent absorption and AR characteristics up to incidence angles as high as 60 ° [116,126,127].

Nanowire design for optimal charge carrier separation and collection

Once free electrons and holes have been generated by the absorption of light, they need to be
separated and collected through an external circuit. The efficiency of this process will be determined by the
electronic properties of the device. In the following we will discuss central concepts affecting the electronic
properties of nanowire array solar cells: crystal structure, doping control, junction geometry and design,

surface passivation and cleaning, and contact formation.

Crystal structure can affect charge carrier transport

While in bulk all 111-V semiconductors except the nitrides form in the zincblende (ZB) crystal
structure, in nanowires they can form in both ZB and wurtzite (WZ), but most commonly in a mixture of
the two, as was observed already in the pioneering work in the 90s by the Hiruma group [128,129]. What
drives the formation of the different phases has been an area of intense study, and it has been shown to
strongly depend on growth conditions such as temperature [130,131], impurity doping [132,133] and V-II1
ratio [134-137]. From a theoretical perspective, the effect of several parameters on the nucleation of
different phases has been modelled [138-140], such as supersaturation (growth rate), particle size and
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differences in interface energy between solid-liquid, solid-vapor and liquid-vapor. An environmental
transmission electron microscope was recently used to study the growth of a GaAs nanowire, where the seed

particle geometry was observed to determine the formation of different crystal phases [141].

The nanowire crystal structure has been shown to affect electrical transport [142—149]. For instance,
in InP nanowires of predominantly WZ crystal phase, ZB segments can act to scatter [146] and trap carriers
[145], dominating the electrical transport characteristics also at room temperature. In InAs nanowires,
Thelander et al. [144] showed that while single planar defects (twin planes in ZB, stacking faults in WZ)
had little effect on the resistivity, longer segments of alternating ZB and WZ crystal structures did. Together
with the recent advances in understanding the crystal phase formation in 111-V nanowires, high phase purity
nanowires have been achieved by several growth mechanisms [150-152] and in different materials [153—
157]. However, for a solar cell device, growth conditions cannot be optimized for crystal structure alone,
but factors such as efficient dopant incorporation, reduced vacancy formation, controlled non-intentional
doping, and minimized tapering also need to be considered. This has made it difficult to experimentally
establish how and when crystal structure effects will start limiting PCE in nanowire based solar cells, but it
seems clear that achieving high and controlled crystal purity remains a challenge to produce I111-V nanowire

array solar cells with high PCE.

Nanowire doping control

Recall that nanowires are typically grown in the kinetically limited regime in the presence of a metal
catalyst. Therefore, in situ nanowire dopant incorporation can be quite different from that in thin-film
epitaxy, and the introduction of dopants can strongly affect the overall growth dynamics. A thorough review
of nanowire doping is provided in [158], and we will here only highlight some important aspects and recent

results.
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To optimize a nanowire solar cell device towards high efficiencies by guidance of predictions from
modelling, experimental quantitative information about actual doping levels is needed. Since growth
conditions and thereby dopant incorporation can change both axially and radially during growth, it is
important to be able to obtain spatially resolved information on carrier concentrations. Such information
can be obtained from Hall-effect measurements, which is the standard technique to obtain doping
information in bulk semiconductors. Hall measurements on nanowires are challenging due to the small
dimensions and complex geometry, and was only shown as late as 2012 [159,160]. Lately, systematic studies
have been performed using Hall effect measurements as a benchmark to quantitatively validate other
commonly deployed techniques such as photoluminescence (PL) [161] and field effect measurements [162].
Evaluating nanowire doping by PL [163,164] and other optical techniques such as transient terahertz
photoconductivity [142] and Raman spectroscopy [165,166] are important since they can be applied in a
contactless manner, and hence provide rapid feedback for growth development. For extremely high
resolution characterization, which might be needed to properly evaluate and troubleshoot e.g. nanowire

tunnel junctions, atom probe tomography could prove to be a powerful technique [167,168].

We note that while significant knowledge has been accumulated on doping of binary grown I11-V
nanowires, much less is known about the doping of the complex ternary materials needed for optimal

bandgap tuning in tandem structures.

Junction geometries

Two main nanowire p-n junction geometries exist where a single-material nanowire constitutes the
sole active region in the solar cell device, illustrated in Fig. 1. In the axial junction geometry (Fig. 1a), the
doped layers are stacked on top of each other in the axial direction, analogous to a thin film solar cell. In the
radial junction geometry (Fig. 1b), a doped core is surrounded by an oppositely doped shell. The p-n junction

in each nanowire is normally created by changing dopant precursors during axial or radial growth, analogous

13



to the axial or radial nanowire heterostructures discussed previously. In the following we will highlight

some differences and similarities between the two geometries.

Nanowires with both radial and axial junctions can be tailored to benefit from resonant light
absorption, and can leverage relaxed lattice matching requirements to be grown on foreign low-cost
substrates. However, while some tandem architectures have been suggested based on radial junctions [169-
172], these appear experimentally challenging to realize. With a junction formed along the axial direction
of the nanowire on the other hand, a tandem architecture is easily envisioned based on the extensive work
done on nanowire heterostructures, as outlined earlier. The main benefit of the radial structure is instead the
decoupling of the directions of light absorption and charge separation, as originally proposed by Kayes,
Atwater and Lewis [173]. In a planar solar cell (or an axial junction nanowire solar cell) a certain film
thickness (nanowire length) will be necessary to absorb a sufficient amount of the incoming light, but at the
same time the emitter and the base must be kept thin enough to allow minority carriers to diffuse to the
junction, setting a limit to the total thickness of the device. If the charge carriers instead are separated across
a radial junction, the nanowire length can be kept long to allow for strong absorption, given that the minority
carrier diffusion length is longer than approximately the nanowire radius. This will significantly decrease
the vulnerability to bulk defects which decrease minority carrier lifetimes, and allow for high efficiencies
with lower materials quality than in a planar device. However, as Kayes et al. highlighted [173], this effect
will mainly be beneficial in indirect bandgap materials such as Si, where thick films/long nanowires will be
needed for sufficient absorption. Note that two factors complicate experimental realization of the predicted
performance benefits of the radial geometry. First, in their original work Kayes et al. pointed out that while
the radial geometry is more tolerant to defects in the quasi-neutral regions of the device, the open circuit
voltage (Voc) of the cell will be strongly affected by the trap density in the depletion region [173]. Second,
the radial geometry shows a strong sensitivity to doping levels, where high and balanced doping levels are
needed to prevent full depletion of one side of the junction [111,113,174-176]. Thus, high quality radial

junctions with controlled and uniform doping both in the core and shell are required. Comparing the best
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experimental devices of the two geometries, we see that while radial devices [120,177] can reach short
circuit current density (Jsc) comparable to the best axial ones [16,17], the best reported Voc and fill factor
(FF) values [125,178] are significantly lower for the radial case, leading to less than half the PCE of the
best axial cells. Thus, any benefits of the radial structure in terms of charge carrier collection has until now

been masked by other dominating factors.

The reasons for the seemingly low quality radial junctions are not immediately clear, but we will
identify some possible contributing factors. First, one might argue that the vapor-solid compared to the
vapor-liquid-solid mechanism could yield better quality growth. However the commonly mixed nanowire
core crystal structure has been observed to strongly affect shell growth [179-181], making it a non-ideal
growth substrate. Further, dopant incorporation is facet dependent [182—184], and the presence of dopants
during synthesis have been observed to strongly affect shell growth dynamics and uniformity [185,186];
hence achieving homogeneous doping can be a challenge. Additionally, when heating the sample to higher
temperatures to grow a shell in the mass flow limited growth regime, out-diffusion of dopants from the core
might be an issue. Furthermore, for catalyzed nanowire growth, the nanowires are often removed from the
growth chamber in order to remove the catalyst seed particle between core and shell growth, to facilitate
predominant radial over axial growth. This removal from the growth chamber exposes the surface to
oxidation, likely to deteriorate interface properties. The problems with high quality radial junction formation
during epitaxial growth can potentially be avoided by using ex-situ molecular monolayer doping to form
the junction, which has yielded a Voc 0f 0.54 V in a top-down fabricated InP nanowire array solar cell [187],

amongst the highest values reported for the radial geometry.

The attainable Voc might be different between a planar solar cell and nanowire solar cells with radial
or axial junctions, due to differences in junction area [16,174,188,189]. This can be understood by
considering the equation Voc = (kT/q)*xIn(Isc/lo), where k is the Boltzmann constant, T is temperature, q is
the elementary charge, Isc is the short-circuit current and lp is the saturation current. Due to the light

concentration originating from the previously discussed resonant absorption, Isc in the nanowire solar cells
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could be as high as in a planar solar cell. However, assuming a cell limited by non-radiative recombination
in the depletion region, we will have lo = Jo X Ajunction, Where Jo is the saturation current density and Ajunction
is the junction area. If so, and if assuming Jo similar in the nanowire and the planar material, I, can be lower
(higher) in an axial (radial) nanowire junction than in a planar one due to the smaller (larger) Ajunction, thus

potentially giving a higher (lower) Voc in the axial (radial) nanowire solar cell.

For the synthesis of the axial junction, suppressing unintended radial growth is a key to prevent
electrical shorting of the junction [190]. In situ etching during gold-catalyzed nanowire growth has proven
to be a powerful tool to take complete control of axial versus radial growth, successfully used in nanowires
of several I11-V materials relevant to solar energy harvesting [191-193]. It should be pointed out that the
axial geometry is considered more susceptible to high surface recombination, and also requires more

precision in top contact formation. These challenges will be discussed in later sections.

A range of other approaches exists where the nanowire is only one of the parts forming the charge
separating junction, such as nanowire-embedded-in-thin-film heterojunctions [28], nanowire-substrate
heterojunctions [30,194], nanowire-ITO heterojunctions [195], nanowire-metal Schottky solar cells
[196,197], nanowire-polymer hybrid devices [198-202], nanowire-dye sensitized cells [203-205] and
nanowire-electrolyte photoelectrochemical cells [206,207]. While aspects covered here are relevant also to

many of these architectures, a detailed discussion of the specifics of each is beyond the scope of this review.

p-n junction segment lengths and doping levels

The optimal design of the nanowire p-n junction for charge carrier extraction will vary depending
on exact geometry, surface passivation etc. However, some general guidelines have been established. In the
following we will adhere to the common solar cell terminology of emitter and base for the top/shell and

bottom/core parts of the axial/radial p-n junctions.
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In fabricated axial nanowire array solar cells it has been found that a large portion of the
photogenerated carriers are lost in the emitter [16,111]. This can be understood by considering that the
biggest portion of the light, especially for short wavelengths, will be absorbed at the top of the nanowires
(Fig. 3a), thus in or close to the emitter. In the emitter however, most generated carriers will be lost due to
recombination at the contact and due to minority carriers rapidly recombining with the large excess of
majority carriers from the doping (the emitter is typically highly doped to ensure an Ohmic contact). Some
strategies have been explored to avoid this problem. Wallentin et al. observed that reducing the nominal
emitter length in an InP nanowire array solar cell from 360 nm to 60 nm increased Jsc by a factor of two, in
good agreement with modelling when assuming that all carriers generated in the emitter are lost (Fig. 3b-d)
[16]. Similar performance improvement was later achieved by reducing the emitter length in GaAs [111].
A highly doped minority carrier reflection barrier close to the contact could be introduced [111,208], which
requires high precision in top contact formation and doping control during growth. Chen et al. [209]
introduced the idea of growing an indirect bandgap material as an emitter layer, preventing absorption in

the region of poor carrier collection.
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Figure 3 InP nanowire solar cell with axial p-n junction; performance dependence on top n-
segment length. (a) Simulated optical generation rate of electron-hole pairs in the y-z cross section of an
InP nanowire solar cell, for x polarized light. (b) Measured and simulated Jsc versus n-segment growth time.
The error bars are one standard deviation. (c) Measured external quantum efficiency (EQE) of samples with
n-segment growth time; 1 (A, red), 3 (B, blue) and 6 (C, green) minutes. (d) Simulated EQE of samples with
different n-segment lengths; 60 (A, red), 180 (B, blue) and 360 (C, green) nanometers. Shown is also EQE
for a sample with 60 nm n-segment, without losses (dashed line). From [16]. Reprinted with permission

from AAAS.

Similarly to a short highly doped emitter, modelling indicate that a short highly doped back surface

field (BSF) is beneficial [17]. In fact, results from the two highest performing nanowire solar cell devices
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to date [16,17] indicate that for the axial geometry, an optimal design is where the main part of the nanowire
is left nominally intrinsic or lowly doped, and with short highly doped emitter and BSF end segments. The
nominally intrinsic/low-doped region serves as a long and efficient absorber area where electrons and holes
are split by the built in electric field over the segment, while the highly doped ends ensure a high Voc and
prevents minority carriers from recombining at the contacts. Further, the inclusion of the nominally intrinsic
segment might reduce the p-n junction interfacial recombination, as seen in single Si nanowire PV devices

[20]. These design guidelines were lately supported by modelling by Trojnar et al. [210,211].

For the radial geometry perhaps the most important issue is to prevent complete carrier depletion of
either of the segments, as discussed earlier. For this, high doping is needed, as well as a careful tuning of
segment thicknesses to the exact doping levels [111,113,174,175]. As in the axial geometry, a highly doped
emitter can be used for electrically transparent contact formation and the axial thickness of the emitter
should be thin to avoid carrier loss [113,212]. Also in the radial geometry, the inclusion of a nominally
intrinsic segment between the p and n doped part has been shown beneficial for the electrical properties

[19,125,213].

Considering the importance of accurate control of nanowire segment lengths, optical reflectometry
was recently shown as a powerful tool, able to monitor nanowire length and diameter in situ with high

precision, on par to that of scanning electron microscopy [214].

Surface passivation and cleaning

Due to their large surface-to-volume-ratio, the electrical performance of nanowires can be strongly
influenced by surface states. A poor surface with a high surface recombination velocity (SRV) can be
detrimental for nanowire solar cell performance [111,114,174,212,215-217]. Of the two junction
geometries, the axial is found to be more susceptible than the radial to high values of SRV [215,216].

However, with a SRV of ~10% cm/s or lower, it is generally found that surface recombination plays a small
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role for the nanowire solar cell performance [212,215-217]. Different strategies have been developed to

obtain appreciably good surface properties, which will be discussed in the following.

First it is important to note that significant differences exist in the surface properties of different 1l1-
V materials. InP is well-known to show low values of SRV [218,219], and a SRV as low as 170 cm/s has
been measured for undoped InP nanowires [146]. Indeed, in high performing InP nanowire solar cells, no
passivation has been applied other than the SiOy coating used to electrically isolate the junction [16,220]. A
passivating effect of the SiOx coating was indicated by an increase in the PL lifetime [220]. However,
unintended radial growth, surface oxides and carbon contaminants might degrade the good surface
properties of InP, which can be alleviated by in situ [191] and/or ex situ [220,221] etching. For epitaxial
passivation of InP, a suitable high bandgap and lattice matched material is not available, but lattice

mismatched AlINP has been used resulting in solar cell performance enhancement [177].

For GaAs on the other hand, the surface poses a much more severe limitation where un-passivated
GaAs nanowires were found to have SRV of ~10° cm/s [222] and minority carrier lifetimes on the order of
tens to a few hundred picoseconds [223-226], making them unsuitable for high performing solar cells.
However, several materials are available to epitaxially passivate GaAs, and passivating shells of InGaP
[227-229], AlGaAs [224,225,230-234] and AlInP [226,235] have all been shown to give substantial
improvement of optical and electrical properties for GaAs nanowires. These benefits have been utilized in
GaAs nanowire solar cell devices. For instance, Aberg et al. [17] saw a reduction in dark saturation current
by a factor of 2000 by passivating with an AlGaAs shell, while Mariani et al. [120] saw an increase in PCE
of more than a factor of 6 when passivating with an InGaP shell, corresponding to a greatly improved
external quantum efficiency (EQE), especially for short wavelengths (Fig. 4). An InGaP shell also gave
significant performance improvements in a GaAsP single nanowire PV device [236]. Thin layers of non-
lattice matched materials such as GaP could also potentially be used [237], where the use of a binary material

would reduce complexity in shell growth.
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Figure 4 Effect of in situ InGaP shell passivation on GaAs nanowire solar cell performance. (a)

Current density-voltage characteristics under air mass 1.5 global illumination conditions for solar cells with
(solid red line) and without in situ InGaP shell (dashed green line) . InGaP- passivated solar cells show an
open-circuit voltage of 0.44 V, short-circuit current density of 24.3 mA cm™ and fill-factor of 62 %. This
translates into a power conversion efficiency that amounts to 6.63 %. (b) External quantum efficiency of
processed GaAs nanowire solar cells with (solid blue line) and without (dashed green line) passivation.

Reprinted by permission from Macmillan Publishers Ltd: Nature communications, [120], copyright 2013.

Thin passivation layers of sulfides [228,238-240] or nitrides [241] can be applied ex-situ by wet-
chemical techniques, but these passivation layers are known to suffer from stability issues, and removal of

the nanowires from the growth chamber before passivation make them susceptible to oxidation.

To assess the effect of different passivation schemes, both optical methods such as PL [223,242] or

THz [243] spectroscopy and electrical methods such as field effect mobility [224,228,235] are used.

Is there a need for gold free synthesis methods?

A commonly raised concern regarding the widely employed gold-catalyzed growth mechanism is

the possibility of degraded nanowire electrical properties by Au impurities. This is largely based on
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experiences with Si, where Au forms detrimental deep-level traps [244] and have been reported to
incorporate into nanowires [245]. It has been indicated that Au might incorporate in I11-V nanowires during
axial [246,247] and radial growth [248], possibly degrading PL properties in GaAs nanowires [249].
However, later studies on gold-catalyzed growth have reported amongst the best PL lifetimes seen for GaAs
nanowires (~1-2 ns) [17,224,234,242,243]. Further, for nanowire solar cell devices, the highest
performances to date have been achieved by gold-catalyzed growth methods both for InP and GaAs [16,17].
However, since nanowires have still not shown optical or solar cell performance on par to their planar
counterparts, it is too early to rule out that Au can introduce detrimental defect states, even though most
results indicate otherwise. We note that if the nanowires are to be grown directly on a Si solar cell in a

tandem architecture, gold-free synthesis methods such as self-catalyzed or selective area growth are needed.

Contact formation

After the charge carriers have been separated by the p-n junction, Ohmic front and back contacts
with low contact resistance are essential for efficient charge carrier collection. Contacting nanostructures
might involve significant challenges, as discussed extensively in a review by Leonard et al. [250]. Here we

will discuss some aspects relevant to nanowire array solar cells.

For the front contact in a nanowire array solar cell it is beneficial to contact the top of the nanowires
only. If the contact extends too far down the sidewall of the nanowires, one might have recombination and
carrier depletion at the contact-semiconductor interface strongly affect the device [208,212], and for an axial
geometry one might risk to short-circuit the p-n junction. To contact only the top of the nanowire, a polymer
planarization layer is often employed [251]. The front contact is usually a transparent conductive oxide,
with indium-tin-oxide (ITO) being the most common. Mariani et al. compared ITO to aluminum-zinc-oxide
as a front contact to GaAs nanowire solar cells, and found 1TO to have superior performance in their setup
[238]. To reduce contact resistance, a thin layer of Ti [120,125,252,253] or In [176,254] between the

nanowires and the ITO has been used. Another well-known strategy to reduce contact resistance is to
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introduce a highly doped layer at the semiconductor-metal interface. As an example, Nakai et al. [253] used
this approach to greatly reduce series resistance in an InGaAs nanowire solar cell device, with
accompanying improvements in FF and Voc. If the nanowires are grown gold-catalyzed, the gold particle,
even though offering an in situ defined metallic contact, should be removed prior to front-contact deposition

to reduce reflection of incoming light [106].

It should be noted that Ohmic contact formation is material and doping dependent. For example,
due to the surface Fermi level pinning in InP, p-type InP nanowires are hard to contact as compared to n-
type material [190]. Depending on the contacting scheme, this might put constraints on the polarity of the

p-n junction.

For the back contact, it has most commonly been formed through the growth substrate, where the
large surface area gives good contact performance. New and potentially more challenging contacting
schemes will be needed when more cost-effective synthesis strategies are adopted. Such strategies will be

discussed in more detail in later sections.

Assessment of nanowire solar cells

Both single nanowire and full nanowire array measurements are important to develop and assess
performance of nanowire solar cells. Single nanowire measurements are especially valuable to evaluate
electrical characteristics inherent to the nanowires. As mentioned previously, single nanowire measurements
are used extensively to obtain information about nanowire doping as well as effects of surface passivation.
Contacting single nanowires instead of nanowire arrays is often relatively fast, and the measurements can
be easier to interpret with respect to some characteristics since they avoid ensemble averaging and effects
from non-uniform contacts. If good Ohmic contacts are realized, IVV-sweeps can reveal information about
the nanowire junction quality, for instance when going from a p-n to a p-i-n junction [19]. Further,
techniques such as electron beam induced current (EBIC) [17,229,240,255-259], cathodoluminescence

(CL) [111,260,261] and scanning photocurrent microscopy (SPCM) [21,262—-265] measurements can
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provide insights into charge separation and collection properties. As an example, Gutsche and Niepelt et al.
used EBIC on single GaAs nanowire p-n junctions to determine minority carrier diffusion lengths, estimate
SRV values, study effects of surface passivation and visualize the extent of the depletion region (Fig. 5)
[240]. Advanced contactless techniques such as ultrafast optical microscopy have also been explored
[266,267] to probe the detailed dynamics of charge carrier extraction. Further, using PL techniques to

measure Fermi level splitting can give information about obtainable Voc [221].
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Figure 5 Measuring nanowires by use of electron beam induced current (EBIC). (a) A

schematic showing the EBIC setup, used to measure on a single nanowire with an axial p-n junction. (b)
EBIC images of an axial GaAs p-n nanowire (vertically oriented) measured under varying applied voltages.
The EBIC signal creates a visualization of the extent of the depletion region, varying with applied voltage.

(c) EBIC signal along the nanowire axis. The minority carrier diffusion lengths of both electrons
and holes are extracted by analyzing the exponential decay of the current signal. Reprinted (adapted) with

permission from [240]. Copyright 2012 American Chemical Society.

Due to the strong geometry dependent absorption characteristics of nanowires, measurements
performed on a single nanowire have limited relevance for nanowire array solar cells for measurements
involving light interaction. Importantly, obtaining realistic PCE from single nanowire PV devices is difficult

since the light concentration effects make the definition of an active area unclear [268], and such
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measurements are difficult to standardize. Hence, to ensure fair comparisons between different approaches
and efficiently advance the research field, PCE values are best obtained on full nanowire array solar cells
under standardized conditions. If possible, the measurement should be performed by an institution providing
certified PCE measurements [15], as pointed out by Beard et al. [10]. Table 1 shows a collection of reported
performance metrics under 1 sun illumination for bottom-up synthesized I11-V nanowire array solar cells,

for junction geometries where the nanowires constitute the active region.

A common problem when measuring full nanowire arrays is to identify any contributions from
single poorly performing nanowires or processing defects which can strongly affect the overall device
performance. Both SPCM [238,269] and EBIC [270] have proved valuable to map out performance limiting
areas of nanowire array devices. Also, it is important to rule out any contributions from the substrate to the

generated photocurrent [125,271].

Nano- Patt-  Substrate Growth Junction Surface PCE  FF Jsc Voc  Array Ref.

wire erning method geometry pas- [%] [%] [mA/ [V] area

material ororting to sivation cm?] [mm?]

growth direction

GaAs EBL GaAs MOVPE, radial p-n  Sulfur, 25 370 176 0.39 0.25 [238]
(111Bp  SA ex situ

GaAs EBL Si MBE, Ga radial p-i-n AllnP, 33 465 182 0.39 0.01 [176]
(111 p in situ

GaAs EBL GaAs MOVPE, radialp-n  InGaP, 40 650 127 0.50 1.00 [252]
(111)Bp  SA in situ

GaAs EBL GaAs MOVPE, radialn-p  InGaP, 6.6 620 243 044 0.25 [120]
(111)Bn  SA in situ

GaAs EBL GaAs MOVPE, radial n-i-p InGaP 74 69.0 189 0.57 0.25 [125]
(111)Bn SA in situ

GaAs EBL GaAs MOVPE, axial n-i-p None 76 637 211 0.57 1.00 [111]
(111)Bn  SA (BCB)

GaAs NIL GaAs MOVPE, axial p-i-n  AlGaAs, 15.3* 792 213 091 1.08 [17]
(111)Bp  Au in situ

InP EBL InP MOVPE, radial p-n  None 34 570 137 043 15.6 [272]
(11)Ap  SA (BCB)
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InP EBL InP MOVPE, radialp-n NA 42 585 111 0.67 0.47 [178]

(111)Ap  SA

InP NIL InP MOVPE, radial p-i-n None 53 67.7 157 0.50 0.01 [268]
(111)Bp  Au (Si0y)

InP EBL InP MOVPE, radial p-n  AllnP, 6.4 59.6 234 0.46 0.64 [177]
(111)Ap  SA in situ

(latt.
mism.)

InP NIL InP MOVPE, axial p-n None 111 730 210 0.73 0.25 [220]
(111)Bp  Au (Si0y)

InP NIL InP MOVPE, axial p-i-n  None 13.8* 724 246 0.78 1.00 [16]
(111)Bp  Au (Si0y)

InGaAs none  multi- MOVPE, radialp-n  GaAs, in 25 553 172 0.26 510 [273]
layer vdw situ
graphene

InGaAs  EBL GaAs MOVPE, axial p-i-n  AllnP, in 71 721 182 054 0.81 [253]
(111Bp  SA situ

GaAson UV- Si MOVPE, axial n-i-p  None 114 578 206 0.96 1.00 [81]

Si lith. (112), SA on Si (BCB)
n-p junct.

Table 1 Collection of reported performance metrics for bottom-up synthesized I111-V

nanowire array solar cells, measured under 1 sun illumination. For nanowires with no intentional
surface passivation, the layer closest to the nanowire surface is written in parentheses. Abbreviations: UV-
ultraviolet, EBL- electron beam lithography, NIL- nanoimprint lithography, PCE- power conversion
efficiency, FF- fill factor, Jsc- short circuit current, Voc- open circuit voltage, MOVPE- metalorganic vapor
phase epitaxy, SA- selective area, vdW- van der Waals epitaxy, NA- not available. An asterisk (*) by the

PCE value indicates that the measurement is certified.

Towards high efficiencies and low cost

While impressive performance improvements have been achieved over the last years for nanowire

solar cells, the best performing cells (Table 1) still have PCE values of only about half of the Shockley-
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Queisser limit [109] and well below the planar counterparts for the different materials [3,15]. Also, while
I11-V solar cells have achieved the highest efficiencies to date in the planar architecture, their high cost
prevents large-scale penetration of the terrestrial solar cell market. Thus there is a need to increase efficiency

of 111-V nanowire solar cells and develop cost-effective production methods.

Beyond the Shockley-Queisser limit

By optimizing single-junction nanowire solar cells as outlined in this review, e.g. in terms of surface
passivation, junction design and crystal structure control, performance can be expected to improve towards
planar counterparts and the Shockley-Queisser limit. In fact, it has been shown that nanowire solar cells can
have a higher efficiency limit than a planar cell, since the nanowire geometry can suppress emission into
some of the angles from which light is not incident, reducing entropy losses [274,275]. By utilizing such
photonic design principles, the “conventional” Shockley-Queisser efficiency limit could be substantially
surpassed [8]. Even higher efficiencies can potentially be achieved by applying a tandem approach. Here,
solar cells of materials with different bandgaps are most commonly stacked on top of each other to absorb
a larger part of the solar spectrum while reducing losses due to thermalization [56]. For I11-V nanowire solar
cells, two intuitive realizations of a tandem junction are illustrated in Fig. 6. In the first (Fig. 6a), two p-n
junctions are placed within the same heterostructured nanowire, while in the second (Fig. 6b) the nanowire
array is placed on top of a planar solar cell. These two basic architectures can of course also be expanded

and combined to obtain more than two junctions.
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Figure 6 Sketch of two basic nanowire based tandem solar cell structures. (a) Arrays of
heterostructured nanowires consisting of two materials of different bandgaps, each material consisting of a
p-n junction. (b) Arrays of p-n junction nanowires on top of a planar solar cell. Blue and green indicate

different materials, green having the higher bandgap.

Placing a I11-V nanowire array on top of a conventional silicon solar cell (nanowire-on-Si) is
especially appealing since it could potentially be integrated quite easily into the currently dominating Si
solar cell industry, and possibly even put as an add on to already installed Si PV. Nanowire-on-Si solar cells
have been theoretically studied by several authors [114,215,276-278]. To achieve maximum efficiency, the
bandgap of the nanowire sub-cell should be approximately 1.7 eV in a double junction [114,215,276], or a
combination of 1.5 and 2.0 eV in a triple junction [279]. This is achievable by the use of ternary 111-V alloys

such as In,GaixP or GaAs,P1.y.

To optimize a nanowire based tandem cell, most of the aspects discussed so far in this review still
apply to achieve good efficiencies, but some additional challenges arise. First, the total current in a series
connected tandem cell is limited to the lowest current in any of the sub-cells. Therefore, the highest overall
efficiency is achieved when the current generated in each sub-cell is the same (and maximized), known as
the current-matching condition. In traditional thin-film tandem junctions, current-matching is obtained by
adjusting the thicknesses of the different sub-cells. In a nanowire based tandem cell on the other hand,
definition of array pitch, nanowire diameter and nanowire length independently or simultaneously can result
in current-matching [215,277,279]. Tuning absorption by use of a dielectric shell could also be used to
achieve current matching [124]. Second, a low-resistance tunnel junction is required to connect the sub-
cells, capable of handling the potentially large current densities in the nanowires due to the inherent optical
concentration [190]. Tunnel junctions have been realized within nanowire homostructures [255,280,281]
and heterostructures [282,283], as well as between planar Si and InAs or InGaAs nanowires [284,285].

However, tunnel junctions between materials of relevant bandgaps to solar energy harvesting have not yet
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been demonstrated in nanowires. Another possibility is to place the tunnel junction within the top part of
the Si bottom cell [286]. We note that by connecting the sub-cells individually instead of in series, the
current-matching requirement and need for tunnel junctions are no longer necessary, at the cost of losing

the advantage of voltage addition from the sub-cells.

Heterojunction nanowire-on-Si solar cells has been realized between p-type Si and n-type InGaAs,
InAs or InAsP nanowires [287-289], but these showed relatively low efficiencies. Similar low efficiencies
were obtained in preliminary GaAsP nanowire-on-Si tandem devices [290]. Recently, Yao et al. [81]
demonstrated a selective area grown GaAs n-i-p nanowire array on top of a Si cell, in which they saw voltage
addition and a total efficiency of 11.4 %, better than each of the subcells (Fig. 7). This is an encouraging
indicator that high efficiencies can be achieved in the nanowire-on-Si architecture, since as Yao et al. [81]
points out; they had a poorly understood nanowire-Si heterointerface, un-passivated GaAs nanowires, non-

optimized Si bottom cell and a sub-optimal bandgap combination.

—®— Tandem Cell
—®— GaAs Standalone | | V =0956V 4
[ oc
| 4 sistandalone _| |4 \

|
7
V, =0518 ‘/:' ‘v\= 0547V
o4

E «
P

T T T T T
0.2 00 0.2 04 06 08 1.0
Voltage (V)

Figure 7 GaAs nanowire-on-Si tandem solar cell. (a) Schematic of the structure. (b) Current-
voltage (J-V) curves showing open circuit voltage (Voc) addition. J-V curves of the GaAs nanowire-on-Si
tandem solar cell (black), the stand-alone GaAs nanowire cell (blue) and the stand-alone Si cell (red). The
arrows indicate the Voc for each cell, showing an addition of Voc of the tandem cell (0.956 V) compared to
separate stand-alone GaAs nanowire (0.518 V) and stand-alone Si (0.547 V) cells. Reprinted (adapted) with

permission from [81]. Copyright 2015, American Chemical Society.
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By the use of external light concentration, a further improvement of PCE might be expected (while
also reducing material need) [291]. However, reported performance for nanowire array solar cells under
concentrated light has so far not shown substantial improvements [16,220], and this effect needs to be better
understood. For a single GaAsP nanowire PV device, a larger than expected efficiency increase was seen
up to concentrations of at least 25 suns, attributed to a change in the recombination processes dominating
the device [292]. Modelling indicate that the temperature rise in a nanowire solar cell should not be bigger
than for planar counterparts [293], but external concentration and hence higher current densities are expected

to raise demands on electrical contact quality [276,292].

Potential for cost reductions

The cost of 111-V nanowire solar cells could be reduced as compared to planar cells due to the mere
fact that only about 5 % of the expensive I11-V material, as compared to a thin film, is needed to absorb
almost all the sunlight [16,119]. However, as long as the nanowires are grown on Il1-V substrates, the
substrate cost will be too high for large scale implementation. An interesting possibility is to remove the
nanowires from the growth substrate using a polymer membrane that can be delaminated [294-297], which
combined with selective-area growth, self-catalyzed growth or growth from metal particles defined by
electrodeposition [298] would allow for substrate reuse and thus significant cost savings [299]. The
membrane with the embedded nanowires could potentially act as a stand-alone flexible solar cell, or be used
as part of a tandem structure. Another possibility to reduce the substrate cost is to grow the nanowires on a
foreign cheap substrate, as discussed earlier. Using an entirely different approach, Heurlin et al. presented
a substrate free nanowire growth method called Aerotaxy [300]. Here, nanowires are grown with extremely
high growth rates from aerosol particles in a continuous flow of gas, avoiding limitations of batch-based

synthesis methods which are currently one of the main cost drivers in 111-V materials manufacturing [301].
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Using this technique, both p-doping in GaAs nanowires [302] and compositional tuning in GaAsP nanowires

[303] have been successfully demonstrated.

Summary and Outlook

Encouraging progress has been made in nanowire solar cell research over the last decade, with an
impressive development in PCE for 111-V nanowire array solar cells (Table 1). In this review we have
summarized key design parameters that have been identified to optimize performance. With low material
use, high absorption is possible in these structures by tuning geometry dependent resonant absorption
characteristics, as predicted by theory and confirmed by experiments. However, the biggest challenge is the
high level of synthesis control needed to obtain uniform arrays of nanowires with optimized charge carrier
separation and collection properties. Further efforts are needed to optimize the nanowire array solar cells
simultaneously in terms of key parameters discussed in this review; doping, crystal structure, surface
passivation and contact formation. To achieve this, uniform and reproducible nanowire array growth from
patterned substrates is essential. For efficient growth development and further understanding, a strong suit
of characterization tools is needed. We believe it will be especially important to establish how results from
fast and easy characterization techniques relate to performance of fully processed arrays. Until now, the
devices with the highest reported PCEs have had an axial p-n junction geometry, while the solar cells based

on radial p-n junctions have shown relatively low Voc, seemingly suffering from poor junction quality.

To advance nanowire based solar cells towards possible commercialization the PCE needs to be
increased, for which the tandem architecture is highly interesting. Especially interesting is the possibility of
nanowire-on-Si tandem solar cells, with the first devices already successfully realized. Further cost
reduction is also needed, especially when it comes to substrate cost and cost-efficient manufacturing
methods for growth. We note that if 111-V nanowire solar cells are to be implemented on a large scale, proper

encapsulation and systems for handling and recycling of material are needed, due to the toxicity and high
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cost of some of the elements. Rigorous testing will also be needed to evaluate long-term stability and

reliability under outdoor operation conditions.

In conclusion, a strong and continued research effort is motivated, and required, to realize the full

potential of nanowire based solar cells.
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