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Abstract: Vertical III-V semiconductor nanowires have shown promising absorption of light for solar cell and
photodetector applications. The absorption properties can be tuned through the choice of III-V materials and
geometry of the nanowires. Here, we review recent progress in the design of the absorption properties of both
individual nanowires and nanowire arrays. Future directions for the research field are proposed.
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1. Introduction

[II-V semiconductors (IlI-Vs) allow for large tunability for absorption-based applications
through the choice of III-Vs used [1]. In the form of nanowires (see Figure 1), the optical response,
including the absorption of light, can be further tuned through geometry design [2]. This combination
of materials and geometry tuning make III-V nanowires highly interesting for solar cells and
photodetectors [3-8].
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Figure 1. (a) Schematic of a nanowire array with nanowires of diameter D and length L in a square array of
period P. (b) Scanning electron microscopy image of an InP nanowire array solar cell with n, i, and p
indicating the regions of the InP diode; and TCO indicates the transparent conductive oxide used for the top
side electrical contacting. Reproduced with permission from Wallentin et al. Science 339, 1057 (2013).
Copyright 2013 the American Association for the Advancement of Science. (c) Schematic of a solar cell. The
short-circuit current I is measured on the ammeter when the resistance of the external load is set to zero,
that is, when short-circuiting the external circuit leading to V = 0. The short-circuit current (density) js. is
obtained from I; by normalizing with the active area A,cjve Of the solar cell. The open-circuit voltage V; is
measured by removing the external load, that is, by creating an open circuit. In this case, I = 0. The output
power is given by P = [V. By adjusting the external load, it is possible to find the maximum power point Pypp
(where we have I, and Vypp). The fill-factor FF is defined such that Py, = IscVocFF. The efficiency of the
solar cell is defined as the maximum fraction of incident power converted to electrical energy, thatis, n =
JscYocFF/Tine with [ the wavelength-integrated incident solar intensity (which has units of W/m?). (d)

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Schematic of a photodetector with read-out of electrical current on ammeter. Here, an external voltage source
is used to enhance the signal.

In this review, we focus on non-nitride III-Vs, such as InP, GaP, GaAs, InAs, and InSb; and their
ternary and quaternary compounds, such as InGaAsP and InAsSb [1]. Nitride III-Vs, such as GaN
and InGaN have found large interest for light-emitting diode (LED) applications [9], but less than the
non-nitride III-Vs for light-absorption applications, especially in nanowire applications.

Here, the focus is on light spanning approximately 200 nm to 15 um in wavelength, that is, from
ultraviolet (UV) to long-wavelength infrared (IR), including the visible wavelength range of
approximately 400 to 700 nm.

Compared to other recent reviews on nanowires for solar cells and photodetectors, e.g. Refs.
[3,5,8,10], the present review has an outspoken focus on the underlying optical response.

This Review is organized as follows. In Section 2, we discuss the functioning of solar cells and
photodetectors, introducing absorption of light as one of the core properties in them, in Section 3, a
summary of III-Vs is given, in Section 4, we discuss III-V nanowires and their fabrication, in Section
5, we review how absorption in vertical III-V nanowires can be controlled, including examples of
realized solar cells and photodetectors, and finally in Section 6, we discuss future directions for
research.

2. Solar cells and photodetectors

Solar cells contribute currently to more than 2% of the global electricity production, with an
annual 40% growth rate [11]. Photodetectors on the other hand are central for a myriad of
applications, including high-speed communication technology, imaging, and optical biosensing [12].
Therefore, further progress in either solar cells or photodetectors could have a large impact on our
society.

In both solar cells and photodetectors, incident photons are absorbed and converted to an
external electrical current [13]. Therefore, the absorption of incident light is a central aspect for the
functioning of such optoelectronic devices.

For efficient extraction of photogenerated charge-carriers, the electrical design needs to be
carefully optimized [see Figure 1b for an example of an axial p-i-n junction in a nanowire, with
transparent conductive oxide (TCO) as top contact]. However, this Review focuses on the absorption
of light, and we kindly refer the readers to other works for the electrical design of solar cells and
photodetectors [13-18]. We wish however to mention that in solar cells, the photogenerated carriers
must be extracted with a simultaneous voltage bias created by the solar cell itself, in order to give rise
to a net electrical power output from the solar cell [13,14] (see Figure 1c). In contrast, in
photodetectors, we can allow to use external power to drive the photodetector, which for example
allows to reverse-bias a photodetector diode for more efficient charge extraction, including avalanche
photomultiplication to enhance the output electrical (current) signal [13] (see Figure 1d).

2.1. Bandgap of semiconductors for absorption applications

One of the core defining characteristics of a semiconductor is its bandgap E; [1,13]. The
bandgap is the energy separation between the conduction band and the valence band. Absorption of
above bandgap light gives rise to a photogenerated excess electron to the conduction band and an
excess hole to the valence band, which can be extracted for electrical output signal [13].

For absorption applications, the bandgap is central in the sense that the absorption strength in
the semiconductor rapidly drops for energies below the bandgap energy. The bandgap energy of the
semiconductor corresponds to a photon wavelength through the relation E; = 2mch/A; where c is
the speed of light in vacuum and # is the reduced Planck constant. When expressing the bandgap
energy in units of eV and the photon wavelength in units of nm, the relation can be written
conveniently as A; = 1240/E,. Thus, for example in InP with a bandgap of 1.34 eV, the bandgap
wavelength is A; = 925 nm, and we expect absorption for photon wavelengths A shorter than 925
nm. Thus, by choosing the semiconductor material and hence the bandgap, we can affect the onset
wavelength for absorption.


https://doi.org/10.20944/preprints202308.0298.v2

doi:10.20944/preprints202308.0298.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2023

2.2. Absorption of light for solar cells and photodetectors
For solar cells, the incident sun-light spectrum on earth spans approximately from 270 to 4000
nm in wavelength [see Figure 2]. With a lower E,, we can absorb a larger fraction of the incident
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photons. The short-circuit current can be calculated as j = gq f Og%ﬂl()dl where q is the
TTne,

elementary charge, I;,.(4) is the incident solar spectrum, and 4;,.(4) is the absorptance, that is, the

fraction of incident light that is absorbed (here, it is assumed that each absorbed photon gives rise to
one charge carrier to the external current) [17]. See Figure 2 for an example of the maximum

obtainable j_ for the case of the Iamisp solar spectrum.
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Figure 2. The direct and circumsolar 900 W/m? Iam1sp spectrum (grey patched area) is shown with values on
the left axis [19]. Here, also the corresponding maximum short-circuit current j_ as a function of bandgap
wavelength (blue line) is shown with values on the right axis, under the assumption that all incident above
bandgap photons are absorbed, that is, that 4;,. (A) =1 for a< Ag. The maximum j_ values for the IlI-Vs
listed in Table 1, that is, GaP, GaAs, InP, and InAs, are marked here. The wavelength scale is shown linear
while on the top axis, selected bandgap energies are shown on the resulting non-linear scale.

Table 1. Bandgap, Eg, from Ref. [1] at a temperature of 300 K for selected III-V semiconductors. We show here
also the corresponding bandgap wavelength, 4.

I11-V Bandgap (eV)  Bandgap wavelength (nm)

GaP 2.271 546

GaAs 1.42 873
InP 1.34 925

InAs 0.35 3540

!GaP shows an indirect bandgap with the direct transitions starting at 2.77 eV [1], corresponding to 448 nm in
photon wavelength.

However, the bandgap energy also limits the voltage at which a solar cell can operate, as detailed
by Shockley and Quiesser in 1961 through a detailed balance analysis [20]. Therefore, there is an
optimum E; in the range of =1-1.5 eV for optimizing the electrical power output, and hence
efficiency, of a solar cell based on a single semiconductor material. The current efficiency record of
such a single-junction solar cell is at 29.1%, set by a III-V cell [21], based on GaAs with a bandgap of
1.42 eV (however, due to the high manufacturing cost of GaAs solar cells, the solar cell market is
dominated by Si solar cells with record efficiency at 26.8% [21]).

To absorb a larger fraction of the incident photons, without sacrificing output voltage, a multi-
junction solar cell approach is useful [14]. In this configuration, the solar cell consists of a stack of
sub-cells, with the highest bandgap for the sub-cell at the top and decreasing bandgap down into the
stack. In this way, each sub-cell absorbs the photons incident on it at a high efficiency, transmitting
lower energy photons to the next sub-cell. With this approach, an efficiency of 47.6% has been reached
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for a III-V based solar cell, specifically for a [GaInP/GalnAs; GaInAsP/GalnAs] 4-junction solar cell
under concentrated sunlight [21].

For photodetector applications, the incident spectrum is not as fixed as for solar cells. Depending
on the application, a photodetector might receive a narrow-band or a broad-band incident spectrum.
In this Review, we aim to cover both cases by looking at the overall absorption-tuning in nanowires.

3. Bandgap and refractive index of III-Vs
3.1. Bandgap

We list in Table 1 the bandgap of some of the binary III-Vs common for absorption applications
with nanowires. As can be seen, their A; span a wavelength range from 550 nm to 3500 nm, with a
continuous tuning if using their ternary or quaternary compounds. With AlGaP or AlGaAs, we could
reach 4, < 550 nm [1], but the strong oxidation of Al has somewhat limited this research direction
for nanowires. InAsSb is an interesting option for even >10 um photodetection since the ternary
shows at a suitable composition a lower bandgap, with A; = 12 um, than InAs (3.5 um) or InSb (7.3
um) [1,22].

3.2. Refractive index

The optical response of materials is described by their wavelength-dependent and complex-
valued refractive index n(4) = Re[n(A)] +iIm[n(A)]. This n(4) applies for the linear, local, non-
magnetic, and time-harmonic response, and together with the Maxwell equations, it describes
theoretically the diffraction of light by structured materials, such as thin films and nanowires [23].
For absorption, Im[n(4)] > 0, and as an alternative, we can study the absorption length L,ps(1) =
[4nIm[n(A)]/A]7*. Laps corresponds to the thickness in a bulk semiconductor over which the
intensity of propagating light decays to 1/e ~ 0.37 due to absorption.

Out of the IlI-Vs in Table 1, GaP has an indirect bandgap, which leads to weak absorption from
Ag = 550 nm to A = 450 nm where much stronger, direct optical transitions set in. This is seen as a
low value for Im(n) for 450 < A < 550 nm, with a rapid increase at 4 = 450 nm (Figure 3). For the
other III-Vs in Table 1, we find a direct bandgap, and the absorption starts strong directly at 4,, as
evident by the relatively high Im(n) values there. There is minor absorption also in the Urbach tail at
A > 44 due to phonon-assisted absorption, but the strength of this absorption drops rapidly with
increasing A. See the insets in Figure 3 for the corresponding L.,s(4) for the III-Vs.

For the III-Vs in Table 1, Re(n) is on the order of 3.5 (Figure 3), as compared to 1 for air and 1.5
for typical oxides and polymers. This comparatively high Re(n), and especially its contrast to the
surrounding material, gives rise to strong diffraction and potential for resonant absorption in
nanowires [24].

For studying the absorption in nanowires, theoretical modelling can be an efficient approach
since it allows a fast and cost-efficient way to vary geometrical and material parameters [23].
Specifically, the linear Maxwell equations with the use of n(4) is an appealing model since then, the
only input that is used is the material choice and the geometry of the nanowire system [23]. For
nanowire arrays, modelled optical response has been so accurate that we can by comparing modelled
and measured spectra extract geometrical parameters such as nanowire diameter and length from
fabricated nanowire arrays to an accuracy comparable to that from a scanning electron microscope
[25]. Thus, we believe that modelled results are highly accurate for describing the optical response of
nanowire arrays.
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Figure 3. Refractive index of the III-V semiconductors (a) GaP, (b) GaAs, (c) InP, and (d) InAs, with tabulated
data from Refs. [26], [27], [28], and [29], respectively. The insets show the corresponding absorption length
Laps on alogarithmic scale. We show here InAs with an extended wavelength range due to its lower bandgap,
see Table 1.

4. ITII-V nanowires

As discussed above, III-Vs show large tunability in their optical properties. With III-Vs in
nanowire form, we (1) have the prospect of more affordable fabrication [5,10,30,31], (2) gain access to
materials combinations otherwise limited by lattice mismatch [32,33], and (3) enable fine tuning of
optical response due to geometry-induced diffraction effects [24].

Nanowires can be fabricated in two main modes: top-down or bottom-up [34]. Properties (1) and
(2) above apply for bottom-up fabricated nanowires while property 3 applies also for top-down
fabricated nanowires. In top-down fabrication, a planar bulk sample is selectively etched to leave
nanowires on the sample. In bottom-up fabrication, nanowires are synthesized directly into the
nanowire form, for example through metal-organic vapor-phase epitaxy (MOVPE) or molecular
beam epitaxy (MBE). For both top-down and bottom-up fabrication, the nanowire diameter and
length, and possible array pattern, can be controlled to a high degree [34].

When the nanowire diameter is large enough, it is motivated to use the bulk value for n(A) of the
nanowire material. For sufficiently small diameter, quantization effects set in, leading to a diameter-
dependent shift in the bandgap energy [35]. A rough guide for when quantization effects set in is the
exciton Bohr radius [36], which is given in Ref. [36] as 6 nm for GaP, 15 nm for GaAs, 13 nm for InP,
and 57 nm in InAs at a temperature of 300 K. In case of quantum-well based nanowire photodetectors
[37], due to the quantization in the quantum well, additional considerations for the optical transitions
are needed [38]. In the continuation of this Review, we assume for simplicity that the diameter and
axial extent of the absorbing III-V regions are large enough, such that quantization effects can be
ignored when studying the optical response.

5. Tuning of absorption in vertical III-V nanowires
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We focus on the case where the absorption in the nanowires is central, that is, we assume that
the nanowires contain the electrically active region from which the separation of photogenerated
charge-carriers occurs in solar cells and photodetectors.

With a III-V nanowire array transferred to a transparent polymer [39,40], it is possible to directly
measure the absorption in the nanowires, for example in an integrating sphere (in contrast to the case
of nanowires grown on a native substrate where absorption also in the substrate contributes [41]).
Such measurements have shown that nanowires can absorb efficiently the light that would pass
between them in a ray-optics description [39,40] (see Figures 4 and 5). Furthermore, the reflectance
was on the order of a few percentage or less, as compared to a typical reflectance on the order of 30%
for a planar III-V sample [39,40].

Thus, vertical nanowires can capture light from the surrounding, as also detailed in an early
modelling work on Si nanowire arrays [42]. That work focused on small-diameter nanowires.
Afterwards, the research field became more and more interested in larger-diameter nanowires where
strong diffraction of light can enhance the absorption, for example by 200-fold per volume absorbing
material in a III-V nanowire array [24].

Note that Si shows A; = 1100 nm, but due to the indirect bandgap of Si, Si is rather weakly
absorbing in a broad wavelength range [43]. Therefore, results from absorbing Si nanowire arrays are
not necessarily directly transferable to direct bandgap III-V nanowires. However, where suitable, we
will below give reference to related Si nanowire absorption studies.

5.1 Basic nanowire array

The basic nanowire array that we consider is periodic and defined by the nanowire diameter D,
nanowire length L, and array period P [see Figure 1(a) for a schematic]. The absorption is typically
not strongly dependent on the type of array, with rather similar absorption found for a square and a
hexagonal array, as long as the same nanowire density is used for both arrays [17,44]. In the most
basic configuration, the nanowires are on a native substrate of the same material as the nanowires
and surrounded by air above and between. In principle, additional processing layers can have
noticeable effect on the optical response [17,45], but this basic array functions as a good starting point
for more complicated device layouts.

The basic nanowire array has received considerable theoretical interest, and it has been shown
that with appropriate geometry choice, the nanowires can absorb incident light very efficiently [2,46—
51].

5.1.1. Insertion reflection loss

For the above basic nanowire array, a limiting factor for the absorption of light is the insertion
reflection loss [2,47]. This reflection occurs at the top of the nanowire array and depends on D and
P, but not on L. Typically, this reflection loss decreases with decreasing D/P ratio, especially if
considering averaging over a broadband response, such as the above-bandgap part of the solar
spectrum that could be absorbed by the semiconductor [2,47].

To couple in as much light as possible into the nanowire array for possible absorption, we would
like to decrease the D /P ratio. Indeed, with sparse nanowire arrays, it is possible to reach very good
broadband incoupling of light [52]. However, with decreasing D/P ratio, the amount of absorbing
semiconductor material in the nanowire array decreases. Therefore, it is not surprising that the
optimum D/P ratio for absorption is dependent on L. A larger L allows for a smaller D/P ratio for
optimized absorption of sunlight [2].

5.1.2. Diameter dependent absorption

The diameter D of the nanowires has a strong impact on the optical response. When D > 4, we
are in the geometrical optics regime where light can be described as rays. In this case, for normally
incident light, the fraction of light that can be absorbed by the nanowires is limited by the area
coverage of the nanowires, that is, the (area) density of nanowires multiplied by the cross-sectional
area mD?/4 of a nanowire [24]. At the other extreme, when D « A, we can use an electrostatic
description for light. This description reveals a considerably weaker absorption, of normally incident
light, in small-diameter nanowires due to electrostatic screening, as compared to a planar
semiconductor layer [24] (see Figures 4 and 5).

In the intermediate regime where D = 4, the nanowires function optically as waveguides, with
accompanying electromagnetic waveguide modes [53] (see Figure 6 for a schematic). These
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waveguide modes depend on the nanowire diameter D, but not on array period P (unless
considering a very dense array where nanowire-to-nanowire coupling could affect the dispersion of
the waveguide modes [54]).
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Figure 4. Modelled absorptance of normally incident light in InP nanowires on InP susbtrate, that is, the same
system as studied in Ref. [2], recalculated for this Review in the same way as in Ref. [2] to allow this replotting.
(a) L =2000 nm and P = 680 nm. For this L, P = 680 nm and D =441 nm give a peak of js; = 27.6 mA/cm?,
which occurs when the HE1z absorption peak is placed in the vicinity of the bangdap wavelength. This P and D
is the optimum choice if using the tuning of the HE12 absorption peak for this L. (b) L = 2000 nm and P = 340
nm. For this L, P = 340 nm and D = 184 nm gives, for any value of D and P, the maximum absorption
corresponding to ji. = 29.0 mA/cm? These values are calculated for the 900 W/m? AM1.5D spectrum (see
Figure 2) for which the maximum value for InP with E; = 1.34 eV is31.1 mA/cm2, which occurs when all
above bandgap light is absorbed (see Figure 2). The horizontal scaling in (a) and (b) is set equal to allow easier
comparison. Here, to guide the eye, we indicate the absorption peak due to the HEn and HE12 waveguide
modes (dashed lines). The region of low absorptance for small D/A to the left of the dashed line indicating the
HEu1 peak originates from the electrostatic screening [24]. For InP, 4, = 925 nm, and for A > A, the
absorption drops rapidly to negligible values.
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Figure 5. Absorption spectra from Figure 4 for L =2000 nm, D = 184 nm and P = 340 nm, which is the optimized
D and P for absorbing sunlight for this L. For comparison, we show here also the spectrum for the same D and
P but shorter nanowires of L = 500 nm. With this value for D, the absorption peak originating from the HEn
waveguide mode (indicated by the arrow) is tuned to the vicinity of the bandgap, and the increase in L
saturates absorption for shorter wavelengths. In addition, the absorption spectrum for a thin-film of 2000 nm in
thickness surrounded by air is shown—the absorption for this thin-film is limited by reflection loss, except at
A > 870 nm where transmission loss starts at 1% and increases toward the bandgap wavelength.
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Figure 6. (a) Schematic of how light couples into a single nanowire, with the waveguide modes (see Section
5.1.2) and radiation modes (see Section 5.1.4) indicated. (b) Schematic of how light couples into a single
nanowire, with the waveguide modes (see Section 5.1.2) and photonic crystal modes (see Section 5.1.3)

indicated. Note that the waveguide modes in the nanowire array are strictly speaking part of the photonic
crystal modes. However, then they are strongly bound to a nanowire, they closely resemble the waveguide
modes of a single nanowire, making it conveninent to distinguish them from other delocalized photonic crystal
modes.

In our experience, the waveguide modes show up distinctively in the optical response at least
when L > A/2. For shorter nanowires, a description based on elongated Mie scatterers might be more
suitable [55].

For normally incident light, we find strongest response from the HEim waveguide modes
[47,2,56]. The HEnm modes are hybrid modes, with non-zero longitudinal components of both the
magnetic (H) and electric (E) field, with n indicating the azimuth dependence of the form cos(n¢) [or
sin(ne)] around the nanowire axis and m indicating the radial dependence, with the propagation
constant of the mode increasing with increasing m [53]. Each HEim mode gives rise to a distinct
absorption peak whose wavelength position can be tuned by the nanowire diameter [46,2,54], as
measured initially for the HE11 mode in Si nanowire arrays [57].

The absorption peak due to an HEim mode originates from two factors. First, with increasing D,
the waveguide mode becomes more and more bound to the nanowire, which leads to stronger
absorption of the light that has coupled into the mode [22,58]. Second, with increasing D, since the
waveguide mode becomes more and more bound to the nanowire, it has less and less overlap with
the incident plane wave, and less light couples into the mode [22,58]. Therefore, due to these opposite
dependencies on D, for an intermediate value for D, we find an absorption peak [22,58].

We note that the waveguide-mode dispersion can be scaled with wavelength, taking into account
the variation in Re(n) between semiconductors. Thus, it is not surprising that the HE11 mode can be
used to give rise to an absorption peak also for longer wavelengths, such as at A > 3 um by scaling
the diameter to D > 500 nm in InAsSb nanowires [22].

For the broadband absorption of sunlight, it has been found optimal to place the absorption peak
due to an HEim mode in the vicinity of the bandgap wavelength (see Figure 4 and Figure 5). In this
way, we enhance there the absorption, which is otherwise weak due to the low Im(n) for wavelengths
just below the bandgap wavelength. For strongest absorption, it appears that the HE11 mode is the
most beneficial to use. Therefore, we find a rather constant optimum D for varying nanowire length,
while P increases with increasing L, which in turn decreases the D/P ratio and insertion reflection
loss as discussed above. Conveniently, if we have found the optimum D for nanowires of one III-V,
such as in Ref. [2] for InP nanowires, it is possible to estimate the optimum D for nanowires made of
other III-Vs. Thanks to the scalability of the Maxwell equations, to find the optimum diameter for a
different III-V, we need to scale with A; and the bandgap refractive index values: Dy new ~
Din o1dAg newold (Ag,01a) / (Ag o1aMnew (Agnew)) [2]. Here, new and old refer to the two different
semiconductor materials and m to the optimization based on placing to the vicinity of the bandgap
the absorption peak from the HEim mode.

An additional avenue to tune the optical response is to use a dielectric shell on top of the
nanowire to increase the effective diameter of the nanowire [59]. Such an approach can be effective
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for example if D is too small to reach a desired wavelength with the HEu absorption peak. This
approach does typically however not lead to as strong absorption as when simply increasing the
diameter D of the absorbing nanowire itself [59].

5.1.3. Photonic-crystal modes in nanowire arrays

The periodic nanowire array has an enumerable set of discrete optical modes [2,45]. In other
words, the nanowire array corresponds to a two-dimensional photonic crystal consisting of cylinders
[60]. The electromagnetic field, which describes the light inside the nanowire array, can be described
fully in terms of these photonic crystal modes. The photonic crystal modes are excited at the top and
the bottom interface of the nanowire array [2].

Thus, when analyzing theoretically the absorption of light in nanowire arrays, it can be powerful
tolook at the excitation and absorption of the varying photonic crystal modes present, see for example
Appendix C in Ref. [2]. For example in the Fourier modal method (FMM) for solving the Maxwell
equations for the scattering of light, that modal information is readily available [23,61]._

Compared to conventional photonic crystal research, there are however some noticeable
differences. First, we consider nanowires for absorption applications, in which case each photonic
crystal mode exhibits some degree of absorption, in contrast to typical photonic crystal research with
non-absorbing dielectric materials. Second, we consider excitation by external light, where light at
normal angle, that is, parallel to the nanowire axis, corresponds to the I' point for the photonic crystal.
The I point for a two-dimensional photonic crystal is typically not of highest interest since due to the
continuous translational invariance along the nanowire axis, no photonic bandgap opens up in that
direction, since at least one mode is propagating [60] (the HE11 mode is the mode that always stays
propagating at the I' point in the corresponding conventional photonic crystal). Therefore, results
from conventional photonic crystal research can have limited applicability for the absorbing
nanowire arrays, and dedicated studies about the modal properties in absorbing nanowire arrays are
warranted.

5.1.4. Absorption in single nanowire vs nanowire array

The HEim waveguide modes show up in both single nanowires and nanowire arrays, while the
photonic crystal modes are exclusive for the nanowire array. For a single nanowire, a continuum of
unbound radiation modes shows up instead [58]. Thus, also single nanowires show the HEim-based
absorption peaks, which are tunable by the nanowire diameter [58]. Therefore, a single nanowire
shows optical response strongly set by the HEim modes. Similarly as for the nanowire array, (1) the
excitation of the HEim mode can be analyzed based on the overlap of the mode with the incident
plane-wave, corresponding to the excitation at the tip of the nanowire, and (2) the absorption along
the nanowire axis follows from the imaginary part of the propagation constant of the mode [58].

For long enough nanowires, it is possible to see how the radiation modes couple into the
nanowire, leading to additional absorption. Thus, this coupling leads to continued absorption, even
after the contribution from the much stronger HEim-absorption has reached a negligible level [58].
Thus, in theory, thanks to incoupling from the radiation modes, a single nanowire shows an unbound
absorption cross-section with increasing nanowire length [58]. In contrast, a nanowire in a nanowire
array shows a limited absorption cross-section due to competition with neighboring nanowires for
absorption of incident photons [58].

5.1.5. Dependence on the incidence angle

For both solar cells and photodetectors, to maximize the projected area of the device to the
incident light, normally incident light is optimum. However, for example in fixed-installed solar cells,
due to the shifting sun position in the sky over the day, varying incidence angles occur. It has been
shown that strongly absorbing III-V nanowire arrays remain strongly absorbing to large incidence
angles of approximately 60°[47,62]. However, when considering a single nanowire in detail, it is seen
that the optical response becomes incidence angle dependent—at normal incidence, the response is
dominated by the HEim waveguide modes, but with increasing incidence angle, a Mie-type optical
response, which is polarization dependent, is found [63].

5.2. Tapered nanowires

Since the insertion reflection loss in the basic nanowire array decreases with decreasing D /P
ratio, it is natural to ask if there is a benefit to use tapered nanowires with increasing diameter further
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down the nanowire [64] (reduction in reflection and increased light-trapping have been seen also in
Si samples with nanocone or nanopyramid texturing [65,66]). Indeed, it has been shown that the
absorption in such III-V nanocones can surpass the absorption in corresponding untapered
nanowires [67-69]. The tapered geometry also broadens the D-dependent absorption peaks [68,69]
by offering a continuum of D-values through the length of the nanowire [70], which is of interest for
broadband absorption applications, such as solar cells and broadband photodetectors.

5.3. Aperiodic arrays

As discussed above, the HEim absorption peak is diameter dependent. In order to boost
absorption in a broader wavelength range, one approach is to use an aperiodic nanowire array where
the diameter varies between the nanowires [71,72], as also proposed for Si nanowires [73,74]. For such
aperiodic nanowire arrays, a possible challenge is the formation of the desired pn-junction if
fabricated in a bottom-up manner, since the growth and doping conditions might vary nanowire to
nanowire.

5.4. Tandem nanowire-on-silicon solar cells

There is prospect of a low-cost nanowire top cell on top of a high-efficiency Si bottom cell to
boost the overall efficiency of the solar cell. Since the bandgap of III-Vs can be fine-tuned by the choice
of ternary III-V, such as GalnP, it is possible to find a nanowire top-cell material with optimized
bandgap to be placed on top of a silicon bottom cell. To enable simultaneous strong absorption of
above bandgap photons in the nanowire top cell and efficient transmission of below bandgap photons
to the bottom cell, careful optics considerations are needed [75], especially if a lower refractive-index
spacer is used between the cells [45]. For efficient design, both optical and electrical modelling is
needed [18,76].

5.5. Effect of imperfections in nanowire arrays

In large-area nanowire arrays, varying types of imperfections, including missing nanowires and
electrical contacting issues of some nanowires are possible [77]. Characterization of such effects
becomes then important [77]. In optics simulations, we have seen that neighboring nanowires can
efficiently compensate in absorption for a missing nanowire [78]. Thus, missing nanowires appear as
a smaller issue than the lack of electrical contacting of a nanowire [78]. In general, the electrical and
optical characterization of individual nanowires in processed nanowire arrays is of interest [79].

5.6. Braggq reflectors in nanowires

III-V nanowires offer novel ways to create periodic refractive-index variation [80], as needed for
example for Bragg reflectors, that is, dielectric reflectors [81]. In nanowires, it is possible to
periodically vary the nanowire diameter in the axial direction [82], an avenue not available in
conventional thin-film stacks for Bragg reflectors. We envision the use of Bragg reflectors in
nanowires for enhanced absorption of sunlight [83] as well as for wavelength selective and enhanced
photodetection.

5.7. Examples of realized I1I-V nanowires solar cells and photodetectors

Research into vertical III-V nanowire solar cells and photodetectors is an active field with
multiple studies, e.g. Refs. [22,84-102]. Below, we comment on some of them and their connection to
the absorption of light (see Table 2 for a summary of the nanowire array solar cells).

Table 2. Summary of the short-circuit current, js., open-circuit voltage, V,, fill-factor, FF, and efficiency, 7, of
the single-junction III-V nanowire array solar cells referred to in Section 5. Note that 7 = js.VocFF/line with Iinc
the wavelength-integrated incident solar intensity [14], which was 1000 W/m? for all these devices..

Nanowire
material Js. (mA/cm?) Voe (V) FF n Ref.

InP 24.6 0.779 724%  13.8% [84]
GaAs 21.3 0.906 792%  15.3% [85]
|
1

InP 26.6 0.730 77.0% 15.0% [86
InP 29.3 0.765 79.4% 17.8% [87
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In 2013, a 13.8% efficient bottom-up fabricated InP nanowire array solar cell with 1 mm size and
4 million nanowires was realized [84]. The efficiency relied to a large degree on the optimization of
the nanowire diameter and pn-junction configuration to enhance charge extraction and j;. [84].
Later, through modelling, it was shown that in such axial pn-junctions, a limiting effect is the
extraction of charge carriers from the doped segment closest to the electrical top-side contact [103].

Also in 2013, a solar cell based on a single vertical GaAs nanowire with a short-circuit current
density of 180 mA cm= was demonstrated [91]. This js. was obtained by normalizing the short-
circuit current in the nanowire to the cross-sectional area of the nanowire, and it is approximately 6
times higher than the maximum value in a conventional GaAs bulk solar cell [21]. Thus, that study
clearly shows the excellent possibility for nanowires to capture light from their surroundings.

In 2016, a 15.3% efficient bottom-up fabricated GaAs nanowire array solar cell was reported [85].
For this study, a nanoprobe-contacting scheme inside a scanning electron microscope was used. This
electrical contacting allowed electron beam induced current-measurements, which reveal the spatial
variation of charge carrier collection. In 2018, with such a nanoprobe contacting and characterization
for the development, a 15.0% efficient bottom-up fabricated InP nanowire array solar cell was
reported [86].

In 2016, a 17.8% efficient top-down fabricated InP nanowire array was shown [87], which
currently stands as the record efficiency for III-V nanowire array solar cells. In the initial planar
growth, excellent control over the profile for the pn-junction is achieved, leading to a high open-
circuit voltage and a high fill-factor. In that study, indium-tin-oxide particles functioned as Mie
scatterers to enhance the absorption of light in the top-down etched nanowires.

In 2019, an InP nanowire array photodetector for single photon detection with peak efficiency
above 90%, without the need of cryogenic cooling, was demonstrated [99]. The excellent optical
performance was partly thanks to the tapered design of the nanowires. Two years later, in 2021, a
self-powered InP nanowire array photodetector for single photon detection at room temperature was
demonstrated [100].

6. Future directions

Below, we list some future directions that we find of particular interest for solar cells and
photodetectors where nanowires could benefit from their unique properties.

For nanowire solar cells, an ongoing and future direction is the epitaxial fabrication of a multi-
junction cell into the nanowires themselves, as already demonstrated with GaInP/InP/InAsP triple-
junction photovoltaic nanowires [104]. There, a nanowire with GalnP, InP and InAsP segments in the
axial direction was fabricated and characterized. In such a crystalline nanowire, the electrical
connection between the varying segments was in the form of an Esaki tunneling diode [104], with
external electrical contacting to the top and bottom of the nanowire. We acknowledge this work for
simultaneously working around multiple challenges typical for multi-junction nanowires, including
the composition control in the two ternary segments, fabrication of the two high-quality tunneling
diodes, and fabrication of the pn-junction in each segment. This approach benefits from the freedom
in combining materials in the nanowire, despite lattice mismatch. Furthermore, nanowires have been
shown to be radiation hard [105], giving the prospect of light-weight and efficient multi-junction
nanowire solar cells for space applications. We note that for efficient absorption in the varying
segments of such nanowires, some additional geometry design considerations arise compared to the
single-junction case [106]. For such solar cell applications, the device size should be scaled up (for
example in Ref. [84], a 1 mm by 1 mm large device area was used in 2013). Promising progress has
been presented, with growth of nanowires on a 2” wafer and solar cell devices defined on a 1 cm by
1 cm area in 2023 [77].

Another venue with the nanowires is enabled by embedding them into a flexible host, such as a
polymer matrix [39,40]. This gives the prospect for mass-production of flexible solar cells, if the
nanowires can be successfully contacted electrically and fabricated at a low enough cost. We envision
here a flexible high-efficiency multi-junction nanowire solar cell for wearables.

Bulk non-nitride III-Vs show up in the zinc-blende crystal phase. Nanowires give however the
option to synthesize also the wurtzite crystal phase [107]. The refractive index varies between these
two phases to such a degree that it affects into which wavelength ranges the HEim absorption peaks
can be tuned with the geometry-choice for nanowires [108-110]. An interesting future venue could
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be to explore the possibilities for fine-tuning the absorption of light, as enabled by mixing these two
phases in varying axial segments in nanowires.

Above, we have implicitly assumed thermalized carriers in the nanowires. However, in the
photogeneration process, hot electrons and hot holes are created in the nanowires due to the excess
energy of the absorbed, incident photon. An interesting ongoing and future avenue is the use of hot-
carrier effects in nanowire-based solar cells and photodetectors [111]. There, the unique tailoring of
the optical and electrical response in nanowires could bring forth benefits beyond planar hot-carrier
systems [111].
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