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GaAs/GalInP nanowire solar cell on Si with state-of-the-art Voc and quasi-Fermi level splitting
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CNRS, Université Paris-Saclay, 91120 Palaiseau, France
2Institut Photovoltaique d’Ile-de-France (IPVF), 91120 Palaiseau, France

With their unique structural, optical and electrical properties, III-V nanowires (NWs) are an ex-
tremely attractive option for the direct growth of III-Vs on Si for tandem solar cell applications. Here,
we introduce a core-shell GaAs/GalnP NW solar cell grown by molecular beam epitaxy on a patterned
Si substrate, and we present an in-depth investigation of its optoelectronic properties and limitations.
We report a power conversion efficiency of almost 3.7 %, and a state-of-the-art open-circuit voltage
(Voc) for a NW array solar cell on Si of 0.65 V. We also present the first quantification of the quasi-
Fermi level splitting in NW array solar cells using hyperspectral photoluminescence measurements. A
value of of 0.84 €V is obtained at 1 sun (1.01 eV at 81 suns), which is significantly higher than ¢Vpc.
It indicates NWs with a better intrinsic optoelectronic quality than what could be expected from TEM
images or deduced from electrical measurements. Optical and electronic simulations provide insights
into the main absorption and electrical losses, and guidelines to design and fabricate higher-efficiency
devices. It suggests that improvements at the n-type contact (GaInP/ITO) are key to unlocking the

potential of next generation NW solar cells.

I. Introduction

Tandem solar cells consisting of III-V semiconductor lay-
ers with optimal bandgap stacked on top of a conventional
Si cell are one of the most promising ways to overcome the
Shockley-Queisser efficiency limit for single-junction solar
cells of ~ 30 % (1 sun) [1]. The current power conver-
sion efficiency record for Si-based multijunction solar cells
is 35.9 % and was obtained by direct wafer bonding and
substrate removal[2]. Mismatch in the lattice constant and
thermal expansion coefficient between the materials ren-
ders the direct growth of high-quality ITI-V layers on Si dif-
ficult and leads to maximum efficiencies of 25.9 %[3].

Owing to their small dimensions, III-V nanowires (NWs)
can accommodate both lattice and thermal coefficient mis-
matches without the introduction of misfit dislocations at
the interface [4, 5]. Furthermore, NWs absorb a higher
amount of light than their planar counterparts due to light
trapping phenomena [6-8]. Numerical simulations indi-
cated a theoretical efficiency of 33.8 % for a tandem GaAsP
NW solar cell (1.7 €V) on Si[9]. The simulations were car-
ried out on a NW cell of composition GaAsy77Py23 in a p-
i-n radial structure, taking advantage of the orthogonality
between the direction of light absorption and carrier col-
lection, even though the debate about the advantages and
disadvantages of axial vs. radial NW junctions is still ongo-
ing [10]. Given that ternary III-V compositions are difficult
to control and less studied than binary compounds, most
efforts in the photovoltaics community have been focused
on fabricating GaAs-based NW solar cells [11-15].

To date, the best GaAs NW on Si tandem solar cell
has reached an efficiency of 11.4 %[16], while the best
single junction GaAs NW solar cell directly grown on Si
has demonstrated an efficiency of 7.7 %[15]. So far, the
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performances of GaAs NW solar cells grown on Si have
been primarily limited by their open-circuit voltage (Vpc
i 0.62 V for NW array solar cells[15]). Note that in the
same study, a Vpoc of 0.77 V was obtained for a single NW
solar cell, however the direct comparison with NW array
solar cells is difficult and should consider the fact that a
single NW absorbs light from an area, the absorption cross-
section, much larger than its geometrical cross-section[7].
The maximum V¢ achievable is given by the quasi-Fermi
level (gFD) splitting (Au) generated in the absorber mate-
rial and related to the density of photogenerated charge
carriers[17, 18]. The gFl splitting can be determined from
absolute photoluminescence (PL) measurements, and com-
pared to the electrically measured V¢ to gain information
on the origin of voltage losses in the device[17-24]. Other
parameters influencing the performance of a NW solar cell
include the NW crystal quality, vertical yield, doping con-
centration and surface passivation[25].

While a good NW crystal quality is essential to make a
performant solar cell, it is common to find a high density
of stacking faults in self-catalyzed GaAs NWs due to crys-
tal phase mixing [26-28]. Ensuring a high yield of vertical
NWs is also critical and several studies have been dedicated
to its optimization [29-37]. Studies show that the various
substrate preparations and growth parameters controlling
the NW growth direction make it difficult to obtain repro-
ducible results. However, studies have shown empirically
that GaP NW arrays systematically present higher vertical
yields than GaAs NW arrays[35, 38], and that growing a
GaP stem prior to GaAs NW growth can enhance the yield
of vertical NWs[14, 27, 37, 38]. Nevertheless, the pres-
ence of a valence band (VB) offset between the GaP and
the Si may introduce an additional barrier for hole extrac-
tion, and its impact on NW solar cell performances has not
yet been investigated.

Semiconductor doping is key to functional p-n junctions,
however the introduction of dopants during NW growth
greatly affects the thermodynamics and kinetics of the sys-
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tem often resulting in axial and radial doping gradients in
NWs [39-43]. Doping compensation mechanisms can also
prevent high doping concentrations to be achieved [44-
46], rendering surface passivation essential for most III-V
NWs. This is important for GaAs NWs as they are particu-
larly prone to surface depletion due to high surface recom-
bination velocity [47-52].

Finally, all NWs need to be ohmically contacted to ef-
ficiently extract charge carriers from the solar cell. In-
dium tin oxide (ITO) is often used as a transparent con-
ductive oxide (TCO) to collect the electrons while mini-
mizing shadowing effects. But its interface with GaAs or
GalnP has been shown to form an important Schottky bar-
rier [53-57], hindering the overall device performance.

In this work, we present a GaAs/GalnP NW solar cell
directly grown on Si by molecular beam epitaxy (MBE).
Current-voltage measurements of the cell indicate a Vy¢
of 0.65 V, which is at the state-of-the-art for a NW array
solar cell on Si. Hyperspectral photoluminescence mea-
surements evidence a qFl splitting of 0.84 €V, significantly
higher than ¢Vp¢, indicating good optoelectronic quality
NWs. The various reasons behind the lower ¢Vy¢ are dis-
cussed. Optical and electronic simulations are used to
study the main absorption and electrical losses.

II. Experimental
A. Selective area growth of III-V nanowire arrays on Si
1. Patterned substrate preparations.

In this study, one-sixth of a two-inch p-doped (B) Cz
Si(111) wafer supplied by Siltronix is used (nominal re-
sistivity: 0.010.02 Q cm). The surface is cleaned by three
successive cycles of oxidation in oxygen plasma reactive
ion etching (RIE) and etching in hydrofluoric acid (HF) di-
luted in water to 5 % concentration. A 37 1 nm thick
silica layer is deposited via plasma-enhanced chemical va-
por deposition (PECVD). The substrates are coated with an
electron-sensitive resist (495PMMA, 2 %) and patterned in
a Vistec EBPG 5000+ electron beam lithography machine,
operating at 100 kV, resulting in a hexagonal array of holes
with a 500 nm pitch. This hole pattern is transferred into
the SiOx layer by capacitively coupled plasma-reactive ion
etching (CCP-RIE) at 7 mTorr, with a mixture of SFg and
CHF; gases (flow rate ratio of 8:20) and a bias voltage of
190 V. To avoid plasma-induced damage and amorphiza-
tion of the first Si layers, about 4 nm of SiOx is left inside
the holes. The PMMA resist is removed by successive im-
mersion in trichloroethylene and acetone with sonication,
then rinsed with isopropanol. To ensure complete removal
of organic residues, the sample is then subjected to an oxy-
gen plasma cleaning by CCP-RIE. The remaining SiOx in-
side the holes is removed by a dip in a 1 % HF solution (di-
luted in water), during 30 s. After rinsing with de-ionized
water and drying with N, the sample is stored overnight in
a box filled with N, before being transported the next day
to a Riber32 MBE chamber. The substrate is outgassed in
the preparation chamber at 500-550 C until a pressure of
3 x 10~ Torr is reached.
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Figure 1 (a) Schematic of the dimensions of a core-shell
GaAs/GalnP heterojunction NW with a delta-doped GalnP
capping layer. (b) Tilted (35°) SEM overview of an as-grown
GaAs/GalnP NW array with a 500 nm pitch.
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Figure 2 (a) Top view stereo microscope image of the NW solar
cell presented in this study. (b) Tilted (45) SEM image of the
same cell, showing its different layers. The as-grown NWs are

colored in yellow, while the Si substrate, BCB matrix and ITO are

uncolored and can be easily distinguished.

2. Epitaxy of GaAs/GalnP core-shell NW arrays.

Prior to growth, the substrate is held at 690 10 C for
10 min in the MBE growth chamber on a rotating holder
(typically 10 rpm), after which the growth temperature is
stabilized at 620 + 5 C as monitored with a 0.9 um IR-
CON pyrometer. The growth procedure is initiated by a
1 min Ga pre-deposition with an equivalent thickness of 42
monolayer (ML) GaAs(100), and a Be flux of 6 x 10!! cm—2
s~!. A Be-doped GaP stem (p-GaP) is grown during 80 s
at a Pp/Ga flux ratio of 1, before linearly closing the P
valve while opening As over 30 s. This results in a linearly
graded GaP/GaAs transition which contributes to flatten
the VB offset between GaP and GaAs[14]. The main Be-
doped GaAs core segment (p-GaAs) is then grown under
an Ass/Ga flux ratio of 1.2, and the same Be flux during
12 min. The Ga flux during the GaP stem and GaAs core
growths is set to correspond to a 2 A s~ growth rate on
GaAs(100). The liquid Ga catalyst droplet is then con-
sumed in situ during 20 min at the same temperature by
shutting down the Ga flux and using an As, flux at 16 %
of its value during core growth. A nominally intrinsic GaAs
shell (i-GaAs) is grown during 30 min at a substrate tem-
perature of 590 + 10 C under a Ga flux of 0.74 A s~ and
an excess of Asy (Ass/Ga flux ratio of 7.1). The substrate
temperature is finally set to 470 + 10 C for the 25 min
growth of a Si-doped GaInP shell (n-GalnP), aiming at a
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planar growth rate of 1.1 A s~
Ingss Gag4P and a planar doping level of 6 x 10'® cm
The NW structure is terminated by an n-type delta-doped
GalnP capping layer (n*-GaInP). GalnP is grown during
32 s before stopping the Ga and In flux and providing an
increased Si flux under excess P, for another 32 s, result-
ing in a Si surface concentration of 1.4 x 10'> cm~2 in one
atomic plane. This cycle is repeated 10 times, resulting in
an equivalent GaInP layer grown during 5.35 min with an
average Si concentration of 1.7 x 10" ecm 3.

3. Characterization of as-grown NW arrays.

From the scanning electron microscope (SEM) image of
the as-grown NW array (Figure 1b), the NWs height and
diameter could be determined as hyy = 1800 130 nm
and Dyy = 220 20 nm, respectively. The p-GaAs NW core
diameter reported in Figure 1a was obtained from the mea-
surement of NW cores previously grown in nearly identical
conditions. The i-GaAs shell thickness was deduced by sub-
tracting the p-GaAs NW core diameter from the total width
of the As-containing region, as determined by cross sec-
tion Energy-Dispersive X-ray spectroscopy (EDX), see Fig-
ure 6 in the appendix. Similarly, the GalnP shell thickness
was determined from the lateral extension of the (In,P)-
containing regions of the cross-section EDX maps. Note
that these EDX-determined shell thicknesses are rough es-
timates and significant errors are expected due to several
factors. First, the diffusion dynamics of group III adatoms
vary depending on the species and the growth tempera-
ture. Some regions in the shell may collect more or less
material due to shadowing of surroundings NWs, result-
ing in non-uniform thickness. Furthermore, the NW core
diameter is also found to vary between growths and af-
ter droplet consumption (typically within 20 nm). Finally,
the geometrical surface orientation relative to the angle of
the MBE cell leads to severe growth rate differences be-
tween the NW head and sidewall, as much as a factor of six,
as measured by Transmission Electron Microscopy (TEM),
see Figure 6 in the appendix. On average the GaInP NW
sidewalls are found to be richer in Ga, which is why we
correct the nominal target Ga fraction to Gag 4;Ing 5P, in-
stead of using the theoretical GaAs-matched composition
of GagsiIng49P. Quantitative EDX analyses of the Ga con-
tent variation in the GalnP shell can be found in Figure 7
in the appendix. Extended defects such as dislocations and
twins are also visible on the scanning TEM image in Figure
6 in the appendix.

The doping levels are estimated in the core and shell of
previous GaAs NW samples grown in similar conditions us-
ing cathodoluminescence (CL) spectroscopy by fitting the
spectrum to a generalized Planck law, as described in our
earlier work[46, 58]. The core p-type doping with Be is
thus expected here to be close top = 5 10'® cm—3, whereas
the shell n-type doping with Si is limited ton i 1 10'8 cm—3
[46]. The size and carrier concentration of the p-GaP stem
are difficult to measure. Estimations from growth parame-
ters suggest a roughly 80 nm long and 40 nm wide p-GaP
stem with a doping concentration similar to the one in the
p-GaAs core. Potential hole extraction barriers in the pro-
cessed NW device arising from the introduction of this ad-
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ditional heterojunction at the foot of the NW are discussed
in section 5.

B. Nanowire solar cell fabrication

The as-grown NWs are embedded in a BCB matrix (Cy-
clotene 3022-46) for planarization. Plasma CCP-RIE etch-
ing and a dip in 1 % HF follow to reveal the NW heads.
Photolithography is then used to deposit 150 nm of ITO
and Ti/Au contacts on specific areas of the sample to elec-
trically connect NWs of the same cell and ensure good me-
chanical and electrical contact with measurement probes.
The back contact is formed by depositing a 300 nm Al layer
on the p-Si(111) wafer. The final device is made up of sev-
eral circular cells with diameters ranging from 140 m to
1 mm. The champion cell, on which this article will be fo-
cused, is shown in Figure 2a. It has an outer diameter of
600 m and an inner diameter of 440 um. After character-
ization, a cross section view of the same cell is obtained
by Focused Ion Beam (FIB) milling and tilted SEM imaging
(Figure 2b).

III. Optoelectronic properties
A. Current-voltage (JV) characteristics

The electrical performances of 13 NW solar cells are
measured using a Keithley 2601B source measure unit in a
two-probe configuration at room temperature, in the dark
and under a 1-sun illumination. The latter is provided by
a Newport 94011A-ES solar simulator equipped with an
AM1.5G filter. The recorded open-circuit voltage (Voc),
short-circuit current (Js¢), fill factor (FF) and efficiency
values are summarized in the appendix (Figure 8). The
JV characteristics of the champion cell in the dark and un-
der a 1-sun illumination are shown in Figure 3a. A high
Voc of 0.65 V is obtained, along with a Jsc of 15.5 mA/cm?
and FF of 40 %. External quantum efficiency (EQE) inte-
gration across the relevant wavelength range (Figure 3c)
resulted however in a Jsc value of 14.2 mA/cm?. The latter
will be the official Jg¢ value reported as Jgc determination
from EQE has the advantage of being independent of the
spectral shape of the light source, unlike Jgc determination
from J-V measurement. The resulting power conversion
efficiency of 3.68 % is at the state-of-the-art of solar cells
with GaAs-based radial junction NWs grown on Si [14, 27].
However, the performances of this NW solar cell are still far
behind the ones of the best GaAs thin film solar cells. The
cross-over between the dark and the illuminated curves at
0.7 V suggests an electron barrier in the conduction band
which is reduced upon photodoping. The slope of the il-
luminated JV curve near the short-circuit current point in-
dicates either an incomplete collection of charge carriers,
or a low shunt resistance which reduces the amount of
current flowing through the solar cell junction. The semi-
logarithmic plot of the JV curve in the dark is shown in
Figure 3b along with a one-diode model fit. A high and un-
fittable reverse-current can be observed, while the forward
current is accurately fitted with a high ideality factor of 4
and a recombination parameter of Jy = 4.1 107% A cm™2.
Satisfying shunt and series resistance of 7.2 10° Q cm? and
0.17 Q cm?, respectively, were also fitted from the forward
current.



B. External quantum efficiency

A custom-built setup is used to measure the EQE of the
NW solar cell. Light emitted by a Xenon lamp is filtered
using a grating monochromator and guided to the setup
optical axis with an optical fibre. The photon flux over
the spectral range of interest is first calibrated with a ref-
erence Si diode with known responsivity. Then, the sam-
ple is subject to the same illumination conditions, while
the current at its terminals is collected at zero bias with
a Keithley 2600 source measure unit. The resulting EQE
of the NW cell is shown in Figure 3c. Between 700 and
800 nm the EQE remains relatively constant around 60 %
and is higher than the EQE values measured in other ra-
dial junction GaAs-based NW solar cells[14, 27]. Below
700 nm the EQE decreases steadily, although experiments
showed that a high-temperature annealing could increase
the short wavelength part of the EQE by improving contact
conductivity[38]. Due to light scattering, specular reflec-
tivity measurements could not be used to explicitly differ-
entiate absorption issues from carrier collection issues, so
simulations of the absorption in the different regions of the
NW solar cell are carried out.

C. NW absorption modelling.

A frequency-domain modal method known as the Rig-
orous Coupled-Wave Analysis (RCWA) [59-62] is used to
model the absorption in the GaAs NWs, the GalnP contact
and the ITO layer. A top view of the unit cell (hexago-
nal lattice) used to generate the NW array solar cell in the
simulations is shown in the appendix in Figure 9 (left). A
cross-section view of the simulated NW solar cell along a
single NW is also shown in Figure 9 (right).

The simplified design incorporates the main elements of
the NW solar cell previously presented, with the GaInP seg-
ment only present at the top of the NW as it is six times
thicker than the GaInP shell and is expected to be the main
source of photon absorption in GalnP. A more refined de-
sign is not justified also due to the morphology dispersion
between the different NWs of the NW array composing the
cell.

The absorption in each material (Figure 3c, dashed
curves) is calculated using 20 Fourier orders and the op-
tical constants used for the RCWA simulations are plotted
in Figure 10 in the appendix. The simulated absorption in
the GaAs NWs (brown) is slightly higher than the exper-
imentally measured EQE of the solar cell (red), although
the general trend of the EQE is well reproduced by the
simulations. The calculated short-circuit current, assum-
ing that all the photo-generated carriers are collected, is
18.77 mA/cm?. The difference of about 4.5 mA/cm? may
be due to a non-perfect carrier collection or to an underesti-
mation of the parasitic absorption inside the GalnP contact
and/or the ITO. The parasitic absorption inside the GaInP
contact is relatively high (2.84 mA/cm?) even without con-
sidering the 34 nm-thick GalnP shell in the simulations.

The performances of the NW solar cell presented could
be hindered by poor crystalline quality NWs, defective in-
terfaces and contacts both at the foot (interface between
the GaP stem and the Si substrate) and at the top of the
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NWs (contact between the GalnP shell and the ITO). As
high optoelectronic quality NWs are essential for a perfor-
mant solar cell, hyperspectral PL is used to assess the quasi-
Fermi level splitting developed in the NWs under illumina-
tion. The latter has been shown to represent the maximum
Voc that a solar cell can achieve [17, 18], and is discussed
in the following section.

IV. Absolute photoluminescence (PL) and quasi-Fermi level
(qFD) splitting

To better assess the optical properties of the NWs, a spa-
tially and spectrally resolved hyperspectral imager set-up
calibrated in absolute units is used [17]. LED excitation
at 450 nm is carried out through a microscope objective
with numerical aperture (NA) 0.6. Measurements are per-
formed at illumination intensities varying from below 1 sun
to 81 suns. The measurement at 12 suns is carried out with
a 532 nm laser due to a set-up change.

According to the generalized Planck law, the absolute
photon flux (¢p.) emitted from a semiconductor under il-
lumination into a hemisphere above its flat surface can be
related to the carrier temperature (T) and the gFl splitting
(Aw), assuming the latter is constant (equation 1). The
gFl splitting of a material has previously been shown to
correspond to the maximum achievable Vy¢ of the device
[17, 18]. Here, A(hw) is the absorption probability of an
incident photon of energy 7iw on a surface element, % the
reduced Planck constant, ¢ the speed of light in vacuum
and kg the Boltzmann constant. The absolute photon flux
@pr is expressed as:

2
opr = A(ho) (ho) . o

AT exp(B ) 1

This equation assumes an entirely collected Lambertian
emission profile which has been shown to be an accu-
rate description of the angular emission profile of non-
optimized NW arrays [63]. In non-degenerate semicon-
ductors where the Fermi levels lie a few kT away from the
band edges, the Fermi distribution can be approximated by
a Boltzmann distribution:

(hw)? —ho

47213 2 exp( kgT

ALy ()

Jexp(

In this equation, the absorption probability A(fiw) has
been approximated by the EQE(%®), since only the lat-
ter can be experimentally measured. We consider this ap-
proximation to be reasonable considering the good match
between the EQE and the modeled A(fiw) in Figure 3c.
The semi-logarithmic plot in Figure 4a shows the abso-
lute photoluminescence spectra of the cell under a 12 suns
and 81 suns illumination (dashed curves) after averag-
ing the hyperspectral PL images over an area of roughly
50 x 50 um?. Figures 11a and 11b in the appendix present
the hyperspectral PL. maps of the champion cell emission
at 870 nm, under an illumination of 12 suns and 81 suns,
respectively. Figures 11c and 11d depict the gFl splitting



maps of the same areas obtained by fitting the PL spec-
tra using the generalized Planck law (equation 2) between
1.43 and 1.52 eV, with a fixed carrier temperature of 330 K.
Quasi-Fermi level splitting variations of less than + 30 meV
can be observed across the maps, demonstrating the rela-
tively high gF1 splitting homogeneity over the characterized
device surface. The solid curves in Figure 4a correspond to
the PL spectra divided by the cell’s EQE (from Figure 3c),
while the red lines are their generalized Planck law fit. The
Ap obtained under a 12 suns and 81 suns illumination are
0.95 eV and 1.01 eV, respectively. These two data points
are indicated in light blue and cyan, respectively, in Figure
4b.

Due to lower signal-to-noise ratio at weaker illumina-
tion intensities (i 12 suns), instead of directly measur-
ing spectrally resolved images we measured simple lumi-
nescence images, that integrate all wavelengths above the
850 nm long-pass filter, therefore presenting more intense
signals. This way we obtain the relative variation of the lu-
minescence from the 81 suns illumination down to 0.7 sun,
which is proportional to exp(,fg—’}) according to equation 2.

Since Au was determined to be 1.01 eV at 81 suns, Au for
lower illuminations can be deduced, as displayed in Figure
4b (dark blue squares). After interpolation, a gFl splitting
of 0.84 €V is determined for a 1 sun illumination. This gqFl
splitting value is considerably higher than the measured
qVoc at 1 sun (black squares in Figure 4b), and to the best
of our knowledge constitutes a first-time quantification of
the gFl splitting in NW array solar cells. Furthermore, as
here the gFl splittings are determined by using a gener-
alized Planck law fit in which the absorption probability
A(hw) is approximated by the EQE(iw) (equation 2), the
resulting gFl splitting values are lower limits. Upper limits
of the gF] splittings can be deduced by using a 30 % higher
absorption, as obtained from the optical simulations in sec-
tion 3.3. The latter would translate into an 8 meV increase
in the gF1 splitting values (kT In(1.3), where T = 330 K).
The ideality factors n, and ny,,. indicated in Figure 4b are
obtained by fitting the slope of the variation of Ay and Vg,
respectively, with illumination intensity and they are dis-
cussed at the end of this section. The high gFl splitting of
0.84 €V at 1 sun indicates a better optoelectronic quality
than what could be deduced from electrical measurements
and TEM observations alone. It also evidences significant
room for device improvement, which can only be achieved
if the mismatch between the gF] splitting and the ¢V is
clarified.

A first reason could be inhomogeneous NW properties.
Let us consider a situation where the NWs can be grouped
into two distinct families: family 1 and family 2. In family
1, the NWs sustain a qFl splitting Ay, and emit a lumines-

cence signal A(pbbexp(fBiTl). In family 2, the NWs present a

negligible qF1 splitting Au,, and emit a negligible lumines-
cence. Such a situation relies on two assumptions: (i) The
effective carrier lifetimes of both NW families are signifi-
cantly different. (ii) Resistances or current barriers must be
present in between NWs, which could originate from pro-
cessing issues, e.g. local incomplete BCB removal or inho-
mogeneous TCO deposition. Otherwise, the qFI splitting of

each individual NW would equal its voltage, and the volt-
age of both NW families would equilibrate. It is possible
that points (i) and (ii) are true for our solar cells, as they
have been observed in similar NWs (VLS grown GaAs NWs
on Si) by atomic force microscopy (AFM)[64] and electron
beam induced current (EBIC) measurements [65], and in
GaN/InGaN core-shell NWs by scanning photocurrent mi-
croscopy (SPCM)[66]. Therefore, Au; and Au, can differ,
as well as their luminescence emissions. Nevertheless, they
cannot be distinguished by luminescence imaging, since
the NW-to-NW distance is in the order of the diffraction
limit (500 nm). The luminescence density recorded on an
area comprising an equal number of NWs from families 1
and 2 will be an average of their respective emission, i.e.
Adppexp(2LY) % 0.5 ~ Adppexp(2—22mVy This means that
bb€XP\ Iy bbE€XD KsT
the determined gFl splitting (here Au; —20meV) is close to
its highest value. Simultaneously, the voltage can take any

value in between % and %, depending on the local re-

sistances. In the extreme situation where NWs 1 are totally
disconnected and NWs 2 are connected without resistance,
we have V = %. In the opposite case (NWs 1 connected,

NWs 2 disconnected), V = Ay

The fact that the qFl sp[iitting obtained (0.84 eV) is
higher than the measured gVyc of the cell (Voc = 0.65V,
qVoc = 0.65 €V) could also be due to additional recom-
binations at heterointerfaces. This has been observed in
other types of solar cells, e.g. CIS [67], CIGS [68, 69]
or perovskites [70]. In our case, the efficient extraction
of the majority charge carriers may be prevented by the
p-Si/p-GaP/p-GaAs heterointerface at the foot and by the
i-GaAs/n-GaInP/ITO heterointerface at the top, and they
may recombine at the dislocations near the i-GaAs/n-GalnP
interface introduced due to GaInP shell composition vari-
ation along the NW axis. More details on charge gener-
ation, separation, recombination and collection could be
obtained by using for example two-photon induced pho-
tocurrent and photocurrent-voltage responses[71].

The difference in the ideality factors obtained from the
variation of Ay and Vp¢, respectively, with illumination in-
tensity (for more information on the ideality factors’ deter-
mination please refer to page 51 of the book by D. Abou-
Ras et al.[72]) could also be explained by inhomogeneous
NW properties and/or the presence of potential barriers
at interfaces and recombination currents. As the ideality
factor provides insight on the location of the dominating
recombination mechanism in a solar cell[73], the higher
ideality factor ny,. = 2.6 compared to the optical ideal-
ity factor ny, = 1.4 suggests the presence of an additional
recombination channel at the GaAs absorber interfaces.
However, these ideality factors are still lower than the one
obtained from a one-diode model fit of the dark current-
voltage characteristics of the cell (n = 4, Figure 3b), and
further studies are required to elucidate this matter.

V. Modelling hole transport at the p-type contact

The GaP stem introduced at the p-type contact of the NW
structure (brown in Figure 1a) to enhance the vertical yield
of the NWs is an additional heterostructure which could
be a barrier for hole extraction [75]. To study the impact
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Figure 3 (a) JV curves in the dark (blue) and under a 1 sun illumination (red), (b) semi-logarithmic plot of the JV curve in the dark
(blue), along with a one-diode fit (black). (c) EQE of the GaAs/GalnP NW solar cell (red) and simulated absorptions for GaAs, GalnP
and ITO (dashed) using the simplified design shown in Figure 9 in the appendix.
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of this barrier, we simulated a simplified one-dimensional
structure of the cell previously presented, using the solar
cell device simulator SCAPS[76]. Since charges in the NWs
are separated radially, the modelled structure illustrated at
the top of Figure 5a first follows the NW axis and then the
direction perpendicular to the NW axis. Figure 5a presents
the simulated band diagrams of the modelled structure un-
der a 1 sun illumination and an applied bias corresponding
to the maximum power point (Vy,pp), for different accep-
tor doping concentrations in the GaP stem, ranging from
1 x 10" em™3 to 8 x 10'® em™3. All band diagrams
have been shifted such that the conduction bands (Ec) are
aligned on the n-GaInP side. The parameters used in the
SCAPS simulations are detailed in Table I in the appendix.

The VB offset (AEy) at the GaP/Si interface directly im-
pacts the simulation results, however its experimentally de-
termined value varies significantly in the literature (from
0.6 eV[77] to 1.1 eV[78]). An average AEy of 0.9 €V was
used in the simulations presented in this section (corre-
sponding to a GaP electron affinity of 3.8 eV[79]). The sim-
ulation results obtained using the lower and upper bound
VB offset values found in the literature are shown in Figure
12 in the appendix.

As observed in Figure 5a, the increase of acceptor dop-
ing concentration in GaP brings about a narrowing of the
VB potential barrier there. This is also evidenced by the
current-voltage curves in Figure 5b through the improved
Voc, fill factor, and hence efficiency, with increased dop-
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Figure 5 (a) Band diagrams obtained from 1D SCAPS simulations under 1 sun illumination and Vjpp bias for different GaP acceptor
doping concentrations. (b) Current-voltage characteristics (values in brackets correspond to Vo, Jsc. FF, and 1) and (c) hole current
densities obtained from the same SCAPS simulations.

ing concentration. In fact, as the potential barrier width
in GaP is decreased with increasing doping concentration,
hole tunnelling becomes more efficient. This is illustrated
in Figure 5c¢ where the current density of intra-band tun-
nelling holes at Vypp (grey/black curves) is almost dou-
bled at the GaP/Si interface when the doping concentration
changes from 1 x 10'® cm™3 (light grey) to 8 x 10'8 cm™3
(black). For a doping concentration above 5 x 10'® cm=3,
the hole tunnelling current densities (two darkest curves)
become comparable to the total hole current density (red
lines), indicating that a high doping concentration can help
overcome the VB potential barrier in GaP thanks to intra-
band tunnelling. The more efficient transport of holes via
intra-band tunnelling can also be observed in the band di-
agrams in Figure 5a, through a lower potential drop across
the GaP/Si interface. The doping concentration required
for holes to predominantly tunnel through the potential
barrier depends on the GaP/Si VB offset (Figure 12 in the
appendix), making it difficult to determine a target thresh-
old doping concentration. If the GaP/Si VB offset is closer
to the lower bound value of 0.6 eV from the literature[77],
then simulations show that the solar cell’s performances
will not vary much when the GaP doping concentration is
increased from 1 x 108 cm™3 to 8 x 10'® em—3. However,
the greater the GaP/Si VB offset the more the cell’s perfor-
mances will be impacted by the GaP doping concentration,
as seen in Figures 12c and 12d in the appendix.

It is difficult to precisely determine the size of the actual
GaP stem in the NW structure and its doping concentra-
tion. However, previous CL studies [46] have shown that
the Be doping concentration in our GaAs NW cores, which
are grown via the same VLS mechanism, can be superior
to 5 x 10'® em™3. It is thus reasonable to assume that the
doping level in the GaP stem is similar and hence that with
a GaP/Si VB offset between 0.6 - 1.1 eV, the potential bar-
rier in the VB does not significantly impact hole extraction

at the p-type contact in our devices.
VI. Conclusions

A core-shell GaAs/GaInP NW solar cell directly grown
on Si by MBE was successfully fabricated. The cell demon-
strated a PCE of almost 3.7 % and a state-of-the-art V¢ of
0.65 V. A quasi-Fermi level splitting of 0.84 eV at 1 sun (up
to 1.01 eV at 81 suns) was determined from hyperspectral
PL measurements, which is considerably higher than ¢Vyc.
This indicates NWs of good optoelectronic quality and sig-
nificant room for the improvement of our devices. Numeri-
cal 1D simulations showed that the potential barrier at the
p-type contact can be overcome if the GaP stem is suffi-
ciently doped. As we expect the hole concentration in the
GaP stem to reach 5 x 10'® ecm~3, we are confident that
our NW solar cell’s performances can be further enhanced
by improvements at the n-type contact (GalnP/ITO).
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A. Characterization of as-grown NW arrays
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Figure 6 (left) Scanning transmission electron microscopy (STEM) image taken with a high-angle annular dark field (HAADF) detector.
The white arrow indicates the GaAs [111]B growth direction. (right) Corresponding In, Ga, As, and P elemental maps of the final NW
section, indicated by the red square in the STEM-HAADF image, obtained by energy dispersive X-ray analysis (EDX). The core-shell
heterostructure can be seen from the (112) zone-axis.

In,,Ga,P . In,, Ga,P

I Ga

Figure 7 Combination image assembled from the HAADF image (black and white) and the corresponding In, Ga, As, P, elemental EDX
maps (colour). The values indicated in percentage are the chemical composition parameter x of the In;_,Ga,P shell for each selected
zones (green rectangles). Left image is an overview of the final NW section, right image shows the bottom of the NW.



B. Electrical performances of other NW solar cells from the
same sample
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Figure 8 Box plots showing the Vp¢, Js¢, FF and efficiency measurements for 13 NW solar cells from the same sample. The cell
investigated in-depth in the article corresponds to the champion cell, whose performances are indicated by the red stars (Voc = 0.65 V,
Jsc = 15.5 mA/cm?, FF = 40 %, 1 = 3.7 %). A Jgc value of 14.2 mA/cm? is put forward in the main article as it is the one obtained

by integrating the EQE curve in Figure 3c (see section 3.1).
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Figure 9 Schematics of the NW solar cell used in the RCWA
simulations. (left) A top view of the unit cell (hexagonal)
composing the NW array. (right) A cross-section view of the NW
solar cell along a single NW. The simulation results are presented

Optical constants (n, k)

in Figure 3c.
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Figure 10 Refractive indices (n) and extinction coefficients (k)
used in absorption simulations carried out using the RCWA

method.

C. NW absorption simulations
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D. Hyperspectral PL and qFl splitting maps

From Figures 11c and 11d, quasi-Fermi level splitting
variations of + 20 meV and 4+ 25 meV can be observed
respectively for the 12 suns and 81 suns PL measurements.
This demonstrates the relatively high qFl splitting homo-
geneity over the characterized device surface.
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Figure 11 Hyperspectral PL maps of the champion NW cell emission at 870 nm (1.43 eV) calibrated in absolute units, under an

illumination of (a) 12 suns and (b) 81 suns. (c) and (d) show the gFl splitting maps of the same areas obtained by fitting the PL spectra
using the generalized Planck law (equation 2) between 1.43 and 1.52 eV with a fixed carrier temperature of 330 K.
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Modelling hole transport at the p-type contact
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Figure 12 Impact of the VB offset (AEy) at the GaP/Si interface on the SCAPS simulation results. (a) Comparison between the lower
and upper bound GaP/Si VB offset values found in the literature (AEy=0.6 eV[77] and AEy=1.1 eV[78], respectively) and the average
value of 0.9 eV used in the simulations presented in the main article. The corresponding electron affinities for Si and GaP (xs; and XGap)
are also indicated. (b) Band diagrams obtained from 1D SCAPS simulations under 1 sun illumination and Vypp bias for different GaP
acceptor doping concentrations. (c) Corresponding current-voltage characteristics under 1 sun illumination. The figures of merit V¢,
Jsc, FF, and 1 are summarized in table (d).
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