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ABSTRACT: Dense arrays of core—shell nanowires possess great potential 130 135 140 a8 180 155

as superabsorptive media for the fabrication of efficient solar cells. We report =632 nm
on GaAs near-band-edge absorption properties of free-standing GaAs—
AlGaAs core—shell nanowires having different shell thicknesses, by detailed
line-shape analyses of room-temperature photoreflectance (PR) spectra,
employing first-derivative Gaussian and Lorentzian models of the GaAs
complex dielectric function. Line-shape analyses of the nanowire PR spectra
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returned a doublet of resonance lines at energies between 1.410 and 1.422 LH P
eV, ascribed to strain-split heavy- and light-hole exciton absorption transitions R L ity HH 2
in the GaAs nanowire cores. The optical oscillator strengths of exciton = S Cimp F
resonances evaluated by Lorentzian analyses of PR features showed a GaAs/. AIGal.l\s core-shell ]
significant enhancement (up to 30X) of GaAs band-edge optical absorption nhanowire array oo 'SE_E%ASS(:“;\(;(; %0 g

in nanowires with respect to the reference planar structure. Additionally,

values of integrated Lorentzian moduli were normalized to the total GaAs

core volume fill fraction (estimated in the range 0.5—7.0% with respect to a planar layer of the same height) within each nanowire
ensemble, achieving a first ever experimental estimate of the GaAs near band-edge absorption enhancement factor for GaAs—AlGaAs
core—shell nanowires in the range 22—190, depending on the nanowire inner core—shell structure. Such strong absorption
enhancement is ascribed to improved wave-guiding of incident light into the GaAs cores by the surrounding AlGaAs shell (its
average thickness being estimated between ~14 and 100 nm in the present nanostructures).

KEYWORDS: III-V compounds, GaAs—AlGaAs core—shell nanowires, photoreflectance spectroscopy, near band-edge transitions,
enhanced optical absorption, nanowire solar cells
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B INTRODUCTION

Free-standing nanowires based on compound semiconductors
continue to attract considerable research interests due to their

absorptance of solar radiation,
antireflection coatings. For periodic arrays of GaAs nanowires

thus removing the need for

with optimized geometry, a 500% increase in photon

applications to a variety of novel nanophotonic devices.' In
particular, dense arrays of III-V-based core—shell nanowires
have shown great potential for the fabrication of efficient solar
cells: while unpassivated radial p—n junction GaAs nanowire
solar cells were first reported in 2009 with a power conversion
efficiency (PCE) of 0.83% under 1-sun irradiation,” passivation
of such GaAs nanowires by InGaP shells was shown to increase
the cell efficiency up to 6.63%.” A conversion efficiency of
15.3% under 1-sun illumination has been further reéported in
2016 for axial p-n junction nanowire array solar cells,” in which
GaAs nanowires were overgrown by an AlGaAs shell for
passivation purposes. A record-high PCE of 17.8% has been
instead, reported for InP-based solar cells.”

The use of nanowires offers significant physical and
fabrication advantages over conventional (planar) photovoltaic
devices due to their peculiar optical properties: indeed, (i)
light-trapping effects associated with local and guided
resonance modes in dense nanowire arrays allow high optical

© 2022 The Authors. Published by
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absorption per unit volume has been calculated, leading to
estimation of a solar cell PCE of 22.3%.” In passivated core—
shell nanowires, light wave-guiding is expected with a proper
choice of the outer shell material bandgap and thickness,
leading to a stronger increase of optical absorption with respect
to unpassivated nanowires."' Furthermore, (ii) because of their
reduced (subwavelength) lateral dimensions single-nanowire
devices can absorb light from an area much larger than their
own size, a nanoantenna effect relevant to photovoltaics: cross-
sectional areas for photon absorption near the fundamental
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bandgap around 1 X 10° nm® have been calculated by
Krogstrup et al. (ref 12) for 380 nm-diameter single GaAs
nanowires. As a result of light concentration, exceptionally high
open-circuit photocurrents have been estimated by the above
authors for single core—shell p—n junction GaAs nanowires,
with estimated PCEs apparently beyond the Shockley—
Queisser limit. It is worth noting that the large cross-sectional
areas associated with the nanoantenna effect would lower the
nanowire density necessary to efficiently absorb solar photons
incident on a nanowire array down to the 10° cm™ range;
these densities correspond to overall nanowire volumes well
below 10% (see present results) of that required for a planar
epilayer, ensuring a strong reduction in the amount of costly
III-V materials employed in the cell fabrication.

Despite the breath of different nanowire heterostructures
proposed for solar cells,"”~"> to date direct experimental
estimates of absorption enhancement remain mostly limited to
single'® or dense arrays'’ of compositionally uniform nano-
wires. In this paper, we study the optical properties of free-
standing GaAs/Alj;;GaggAs core—shell nanowire arrays of
different densities by means of highly resolved room-
temperature photoreflectance (PR) measurements. The high
sensitivity and spectral resolution of PR spectroscopy in
conjunction with appropriate line-shape analysis methods of
experimental data allowed us to determine the nature of GaAs
near band-edge resonances and estimate their oscillator
strengths. Comparison with planar GaAs/AlGaAs/GaAs
heterostructures evidenced strongly enhanced optical absorp-
tion for present nanowires; GaAs volume-normalized enhance-
ment factors were then carefully estimated for the first time
through detailed analysis of the nanowire dimensions and
density within the arrays, conducted by means of high-
resolution scanning electron microscopy. Our work inves-
tigated the potential of present core—shell nanowires as
superabsorptive media in photovoltaic applications and
evidenced the dependence of the enhanced GaAs absorption
efficiency on the nanowire inner core—shell structure.

B EXPERIMENTAL METHODS

Core—Shell Nanowire Growth. Dense arrays of free-standing
GaAs—AlGaAs core—shell nanowires were grown on semi-insulating
(111)B-GaAs wafers by metalorganic vapor phase epitaxy (MOVPE)
(Scheme 1). [111]-oriented GaAs core nanowires were grown at 400
°C by the vapor—liquid—solid method, employing colloidal Au-
nanoparticles (NPs) in aqueous solution with diameters in the 70—80

Scheme 1. Schematics of Process Steps for the Synthesis of
GaAs—AlGaAs Core—Shell Nanowires
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nm range as catalysts. The number of colloidal solution drops poured
onto the substrate was locally varied, obtaining different NP densities
(and correspondingly different densities of grown GaAs nanowires)
across its surface. A relatively thick shell of AL,Ga;_,As (with x = 0.33,
refs 18, 19) followed by a thin GaAs capping shell (the latter to avoid
oxidation of the AlGaAs alloy when exposed to atmosphere) was then
overgrown at 650 °C around the GaAs nanowires by conventional
MOVPE under As-rich vapor conditions. The AlGaAs shell and GaAs
cap layer growth times were, respectively, 10 and 1 min. Further
details of the growth procedure and MOVPE parameters employed
are reported in refs 20, 21. A portion of each substrate was
intentionally left free of catalyst NPs to ensure the growth of a (111)-
oriented GaAs/AlGaAs/GaAs planar heterostructure (nominal thick-
ness values for each epilayer ~7/215/21 nm, respectively) as
reference for our optical study. As this concerns the GaAs band-
edge absorption of [111]-oriented nanowire cores, comparison with
the case of material volumes grown at the same temperature with
identical crystal orientation appears meaningful.

Morphological Analysis. The morphology and size of as-grown
core—shell nanowires were studied by high-resolution field-emission
scanning electron microscopy (FE-SEM) using a Zeiss Sigma VP
microscope, equipped with a Gemini electron column and a 5 keV
primary electron beam. A quantitative study of the nanowire
geometric parameters (e.g., their lengths, diameters, and densities)
was performed by FE-SEM observations of nanowire ensembles at
particular areas across the sample surface, where PR measurements
were afterward performed. The areas were selected by a combination
of optical microscopy (Rayleigh scattering) and FE-SEM inspection
so to have relatively homogeneous (over a few tenths of mm?)
nanowire densities, ensuring a consistent and meaningful spatial
correlation between FE-SEM analysis and PR measurements. Further
insights into the inner structural properties of present nanowires are
reported in refs 22, 23.

PR Experiments. PR measurements were performed at room
temperature on GaAs/AlGaAs core—shell nanowire ensembles still on
their original growth substrate and the planar GaAs/AlGaAs/GaAs
heterostructure (in the following, the reference sample) using a
monochromatized 150 W halogen-tungsten lamp source and a 1 mW
He-Ne laser (632.8 nm, 1.959 €V line) beam mechanically chopped at
233 Hz as an external periodic modulation signal. The He-Ne line is
almost resonant to the Alj;;Gay¢;As alloy nominal bandgap (1.905
eV at RT)** and ensures that the modulation beam is not completely
absorbed by the relatively thin AlGaAs shells (for nanowires) or
planar epilayer (for the reference heterostructure).”

The measurements were performed in backscattering geometry,
resulting in the nanowires being illuminated from the top. Particular
care was devoted to the signal collecting geometry and sample
excitation, due to the reduced specular reflected signal, which
originates from (i) the high optical absorption of nanowires; (ii) the
light-trapping effect due to multiple light scattering within the
nanowire array, and consequently (iii) a large diffused component.
The spectral resolution achieved in these experiments has been varied
in the 3—31 meV range (depending on the reflected intensity of the
samples). The relative change in reflectance is reported as the AR(1)/
R(4) signal, where AR(4) and R(4) are the AC-modulated and DC
average reflectance signals, respectively.

During the measurements, both the in-phase and out-of-phase
components of the signal have been acquired. In phase-sensitive
techniques, such as PR spectroscopy, it is possible to acquire
simultaneously the in-phase and out-of-phase (or quadrature, ie.
shifted by 90° with respect the in-phase signal) components, which
are related to processes with different time response to the external
modulation field inducing the change in dielectric function.”*™* In
particular, a slower signal is expected to be more evident in the out-of-
phase component.”® Therefore, comparison between the results of
line-shape analysis of the two (in-phase and out-of-phase)
components allows us to discern the nature of different interactions
occurring within the nanostructures due to both external modulation
and optical excitation. In all the reported experiments, we adjusted the
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phase in order to maximize the signal of the investigated resonance in
the in-phase channel.

B THEORETICAL BASIS

Line-Shape Analysis of PR Spectra. It is well known that
because of its differential nature, optical modulated spectros-
copy needs line-shape analysis of measured spectra in order to
access experimental observables, such as the energy, phenom-
enological broadening, and oscillator strength of detected
optical resonances. Several review papers have been reporting
on these issues in the last decade.” ™"

It has been shown that for optical transitions at room
temperature the more appropriate groﬁle for the complex
dielectric function € is Gaussian-like:*”*' ™

I 3 2
ez, 1) =¢ +ie, =1+ ZF(D[I' X ——]

2
+i77,'I 2 . Eph_E
T lepl 2] =2
V2T L) r

where E, is the photon energy, E, I', and I are respectively, the
energy, broadening, and intensity of each resonance, while @ is
the degenerate hypergeometric function.*®

Moreover, it is generally accepted in the literature that the
change induced in the dielectric function and consequently the
shape of the PR line (at room temperature) has a first-
derivative character, especially in the case of a confined
system.”> ™

However, in the case of two-dimensional electron
transitions, a third-derivative Lorentzian line-shape analysis®’
with exponential m = 3 is a good approximation of the first-
derivative Gaussian one:

% = Re[Ae”(E — E, + il) ™)

where A and 0 are the amplitude and phase parameters of the
resonance, respectively. This approximation allowed us to
evaluate analytically the oscillator strength of optical
transitions; based on the Kramers—Kronig relations connecting
the real and imaginary parts of the response function, it is in
fact possible to define an analytical form of the PR modulus
|Ap(E)|, the so-called Lorentzian modulus, given by:

Al

1Apl =
g [(E — E)* + I'}™/2

whose integrated area is directly related to the oscillator
strength of the optical absorption transition.””**** Addition-
ally, the Lorentzian modulus provides a better visualization of
the optical resonances, as compared with the differential-like
PR spectra.

The two line-shape analysis above return in most cases
almost indistinguishable fit curves, and the same energy and
broadening (I') values (taking into account that

I} = 24/2In 2T ~ 2.35I;), within the standard best-fitting
errors.

In this work, two different Gaussian first-derivative line-
shape models have been used to reproduce the experimental
PR spectra. In fact, depending on the low-dimensional system
and on the dominant modulation mechanism, two different
Gaussian line-shapes have been extendedly used in the
literature. In the first one, referred in the following as the
refractive Gaussian (RG) model, the reflectivity close to the

band-edge is assumed to be dominated by a refractive
mechanism, neglecting the absorption contribution.””* In
this case, the line-shape of PR spectra is governed by the
modulation of the energy (E;), broadening (I',), and oscillator
strength (I,) of the corresponding resonance and, from a
mathematical point of view, the model consists of a linear
combination of the first-derivative components of the real part
of the dielectric function with respect to E, I, and I:

AR og og 0g,

— X ag— tar— + aq—

R OE or ol

In the second model, referred to as the refractive and
absorptive Gaussian (RAG) model, both the absorption and
refractive mechanisms are considered. The RAG model takes
into account both the real and imaginary parts of the dielectric
function, assuming the optical response modulation as
essentially due to the resonance energy modulation E,
neglecting its broadening and oscillator strength.””*%** In
this case, from a mathematical point of view, the model
consists of a linear combination of the first-derivative
components with respect to E; of both the real and imaginary
parts of the dielectric function:

AR e aE% + bE%

OE OE

B RESULTS AND DISCUSSION

Figure 1 shows the morphology of free-standing GaAs—
AlGaAs core—shell nanowires across selected areas of the same

)

GaAs cap

Figure 1. FE-SEM micrographs of (a) (45°-tilted view) GaAs—
AlGaAs core—shell nanowires vertically aligned on their GaAs
substrate, and (b) (magnified plan-view) of one particular nanowire
from (a); (c—e) FE-SEM micrographs (plan-view, 10,000x
magnification) of core—shell nanowires recorded at different positions
(namely Areas A, B, and C) across the sample; (f) cross-sectional
schematic of the core—shell nanowire inner structure. The marker in

(c) holds also for (d,e).

sample. The nanowires grew with the ZB crystal phase and a
low density of stacking faults in their trunk (see the Supporting
Information) in the form of straight (kink-free) segments, with
hexagonal cross-sections and bound by six sidewall (110)
facets — see Figure 1b, their diameter being almost constant
over their entire length.”' Their density varies across the
sample as a result of the inhomogeneous distribution of Au
NPs on the substrate surface prior to growth (see Experimental
Methods); as-grown nanowires are vertically well-aligned
(yield >999%)* in most cases (Figure la,c,d), but for very
high (>10° cm™?) NP densities (Figure le). It is noteworthy
that long and thin nanowire arrays may sometimes appear bent
and attached to each other’s by their tips (see Figure 1d), a
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Table 1. Average Au NP Diameter (D,,), Overall Diameter (D), and Length (L) of GaAs—AlGaAs Core—Shell Nanowires and
Their Local Substrate Density (§), as Measured/Estimated from Analyses of FE-SEM Micrographs Recorded at Different
Selected Areas (Namely, A, B, and C in Figure 1) of the Same Sample”

FE-SEM measurements

shell growth model

sample area Dy, (nm) D (nm) L (um)
A 74.6 + 1.9 2769 + 2.2 6.4 + 0.1
B 70.2 + 1.8 1592 + 1.6 7.1+£0.1
¢ 80.0 + 2.4 <99.5" 7-14

5 (em™) LS (nm™) hg (nm) Reap (nm)
8.20 X 107 545 x 1073 99.9 12

3.99 x 10 2.30 X 1072 41.7 0.5

>1 x 10° n.d. <14.2% <0.3°

“The corresponding AlGaAs (k) and GaAs (hcap) shell average thicknesses were calculated based on the growth model reported in ref 41, and
assuming a GaAs core diameter proportional to D,,. Values of LJ in the table are the model free-parameter best-fitting the experimental data.

bEXpected values based on the shell growth model.

result of dielectrophoretic forces induced by the primary
electron beam during FE-SEM observations.”” The residual
catalyst NP diameter at the nanowire tips (D,,), the nanowire
overall diameter (D), and length (L)—see the nanowire
schematic in Figure 1f—were estimated from statistical
analysis of FE-SEM micrographs (see the Supporting
Information) and correlated with the local (on the substrate)
nanowire density (5). The nanowire diameter D appears to
decrease with increasing their density § (Table 1), an effect
driven by the vapor mass-transport controlled overgrowth of
(Al)GaAs shells around dense GaAs nanowire arrays."' A
quantitative model of the effect of precursors vapor mass
transport on the nanowire shell growth rates predicts a
nonlinear dependence on the actual (ie., across the sample)
value of L§, initial GaAs nanowire diameters (taken propor-
tional to the Au catalyst NP size D,,), and deposition times:
details of the experimental validation of the shell growth model
were provided in refs 41, 42. Here, the growth model is
employed to best-fit the FE-SEM measured core—shell
nanowire average diameters reported in Table 1 to predict
the actual thickness of their AlGaAs and GaAs shells in each of
the sample areas selected for PR measurements (see below),
using the quantity L6 as a free-parameter and the average GaAs
core diameters and shell growth times as input figures; best-
fitting Lo values for Areas A and B in Table 1 are within a few
percent of experimental values.

Figure 2 reports the in-phase PR spectra recorded with
intermediate spectral resolution (7 meV) from a GaAs—
AlGaAs core—shell nanowire ensemble (corresponding to Area
A in Figure 1c) and the reference sample. The out-of-phase PR
spectrum for Area A is also reported in the same figure. The
PR spectrum of the reference sample presents an asymmetric
resonance feature close to the GaAs bandgap. Lorentzian and
Gaussian models return almost indistinguishable fit curves,
with energies of the component resonances of 1.39 eV (I', =
40 meV) and 1.425 eV (I';, = 55 meV). The feature at 1.39 eV
can be assigned to carbon acceptor impurities in GaAs (bound-
to-free transitions) as reported in the literature for PR
experiments performed on similar GaAs/AlGaAs planar
layers.” ™ The resonance related to the GaAs bandgap
(1.425 eV at RT) is instead quite broadened if compared with
values typically observed in epitaxial structures.”” A quite
weaker and noisy resonance is also observed at around 1.78 eV,
most probably related to the spin-orbit split-off band (Agg)
expected at 1.77 eV (ie, 0.341 eV above the GaAs energy
bandgap).*”**

The in-phase PR spectrum of the GaAs/AlGaAs core—shell
nanowire ensemble reported in Figure 2 presents instead a very
sharp and intense (about SX stronger than for the reference
sample) resonance feature at 1.42 eV, which appears

18152
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Figure 2. In-phase PR spectrum of (a) reference sample and (b)
GaAs—AlGaAs core—shell nanowire ensemble (Area A in Figure 1)
(green and red solid points, respectively), recorded at 7 meV spectral
resolution. The continuous curves through experimental points
represent the Lorentzian line-shape best-fitting of the spectra. The
out-of-phase PR spectrum for the nanowire ensemble is also reported
(open blue points). Comparison between the calculated Lorentzian
moduli of the PR resonances is also shown for the three spectra.
Dotted lines refer to each Lorentzian modulus components. The PR
spectrum and Lorentzian moduli relative to the reference sample have
been multiplied by a factor of two for the sake of clarity.

broadened on its low-energy side. Both Lorentzian and
Gaussian line-shape analyses of the nanowire spectrum return
two resonances at 1.39 eV (I'; = 44 meV) and 1.425 eV (I', =
21 meV). An additional symmetric single resonance is clearly
visible at about 1.78 eV (Lorentzian line-shape analysis,
continuous red line through the data), again consistent with
the Agp band of GaAs, as previously discussed for the reference
sample.

Particular care must be taken in the analysis and attributions
of above resonances, in particular whether they originate from
the nanowires or the underlying (i.e., grown on the catalyst-
free surface between the nanowires) GaAs/AlGaAs/GaAs
planar heterostructure. Indeed, in the case of dense nanowire
arrays, both the probe beam and the modulating light would be
almost totally absorbed from the nanowires, thus preventing
the possibility to detect a signal coming from the underlying
planar heterostructure. This is especially true for PR spectra
recorded from Areas B and C of the sample (Figure 1d,e), as
further discussed in the following. In the case of the PR
spectrum in Figure 2, the measured nanowire density (~8 X
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10’ cm™?) corresponds to a nanowire-to-nanowire average
distance of ~1.4 um (see Figure 1), that is, well above the
wavelength corresponding to the GaAs band-edge (Ag,a, = 865
nm at RT); therefore, a contribution due to the planar
heterostructure in between the nanowires could not be
completely ruled out based on the sole in-phase PR signal.

The observation of a non-negligible out-of-phase component
in the PR spectrum corresponding to Area A (blue open circles
in Figure 2) indicates the occurrence of an additional response
process with a longer time-scale (probably due to thermal
effects), originating either in the nanowire GaAs cores or from
the underlying planar GaAs/AlGaAs/GaAs heterostructure,
which weakly contribute to the reflectivity with a different
phase/time-constant with respect to the external modulation.
This component presents a quite different spectrum, if
compared with the in-phase one, presenting a weak and
sharp resonance at 1.415 meV (I', = 15 meV, single Lorentzian
line-shape analysis). The out-of-phase PR spectrum is
consistent, both in shape and amplitude, with the in-phase
one measured on the reference sample. Furthermore, a much
weaker and scattered signal is also present at about 1.78 eV.
These results strongly suggest that the out-of-phase compo-
nent of the nanowires arises from the underlying planar
heterostructure; it confirms in turn that the in-phase PR
spectrum recorded from the sample Area A predominantly
originates from the core—shell nanowires.

As already mentioned, besides providing a clear visualization
of the resonances, the integrated area of each resonance
Lorentzian modulus is directly related to the oscillator strength
of the optical transition. For all the above identified
resonances, their Lorentzian modulus has been thus reported
in Figure 2; from the diagrams, a significant enhancement of
optical absorption in the core-shell nanowires compared to the
planar reference sample can be deduced. The implication of
this finding will be discussed more in-depth later on.

To explain the nature of the asymmetric resonance in the in-
phase PR spectrum of GaAs nanowires, we performed PR
experiments by increasing the spectral resolution up to 3 meV,
which is the highest resolution achievable compatibly with the
weak reflected signal intensity of present samples. The result is
reported in Figure 3; the broadened shoulder at low energy
observed in Figure 2 manifests now a rich structure with at
least three clear oscillations occurring within 70 meV below the
GaAs band edge. Therefore, such oscillations cannot be
ascribed to Franz—Keldysh oscillations.””*' We also notice
that the weaker resonance observed in the high-resolution PR
spectrum of the reference sample (also reported in Figure 3) is
not as structured as the one recorded from the nanowires.
Additionally, these oscillations only arise from the modulated
component of PR spectra and are not present in the
continuous reflectivity signal. However, to estimate any
interference effects originating from the underlying planar
heterostructure, a line-shape analysis including multilayer
interference effects’>* ™' has been also performed. The
simulation of PR spectra (not shown here) taking into account
the parameter of the GaAs/AlGaAs/GaAs reference sample
(layer thickness, refractive indexes, extinction coefficients, etc.)
does not reproduce the experimental PR spectra reported in
Figure 3. This confirms that the structured resonance is related
to transitions within the GaAs cores. To further clarify the
origin of the structured resonance in the nanowire PR
spectrum of Figure 3 and identify the associated energy
transitions, we performed both Lorentzian and Gaussian
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Figure 3. PR spectra (recorded under 3 meV spectral resolution)
from the GaAs—AlGaAs core—shell nanowire ensemble (same area as
in Figure 2) and the reference sample. The continuous lines through
the nanowire spectrum are the Gaussian line-shape best-fit of
experimental data performed with the RAG and RG models (red
and blue lines, respectively). For each model, three resonances have
been used (see Table 1). The calculated Lorentzian modulus for each
resonance is also reported in the lower part of the diagram.

analyses. In particular, three resonances (e;, ¢,, and e; in the
following) have been used in the analyses by the RG and RAG
models: the results of the spectrum line-shape best-fittings by
these models are reported in Figure 3 in the form of
continuous (red and blue, respectively) lines through
experimental data; best-fitting energy resonances E; and
broadening parameters I'; corresponding to the ey, ¢,, and e;
resonances are reported in Table 2. In particular, the RAG
analysis returned three well-resolved resonances, the one at
1.421 eV being quite narrow, its Gaussian line broadening
being I'; = S meV (about one-half that of the other two
resonances). For comparison, a two-resonance RGA line-shape
analysis was performed on the high-resolution PR spectrum of
the AlGaAs/GaAs reference structure, and the result is also
reported in Figure 3.

The following general remarks can be highlighted from the
results of our analysis by the RG and RGA models: (i) both
models provide the same energy values, within best-fit
uncertainties, for all resonances with the only exception of e,
(which appears slightly red-shifted in the RG estimate); (ii)
even though the RG model includes four more fitting-
parameters for each resonance, it essentially fails in describing
the high-energy tail of the PR spectrum, that is, in the GaAs
absorption range; (iii) the RAG model gives instead an
excellent fit across the full spectral range, confirming that the
PR modulation mechanism in the nanowires is mainly related
to the induced variation of energy levels and that the
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Table 2. Energy Resonances E; and Corresponding Broadening I'; Resulting from the Line-Shape Analysis by Means of the RG

and RAG Models Employing Three Resonances (ey, e,, €5)“

model RG: AR/R ~ aAg, chi-sqr 0.66; adj R-square 0.88

model RAG: AR/R ~ ale+ bAg, chi-sqr 2.9; adj R-square 0.91326

E; (eV) T, (eV)
e 1.381 + 0.001 0.017 + 0.001
e 1.4095 + 0.0007 0.00S + 0.004
ey 1.4225 + 0.0003 0.0075 + 0.0002

E; (eV) T, (eV)

1.386 + 0.008 0.009 + 0.002
1.413 + 0.003 0.011 + 0.002
1.421 + 0.001 0.0046 + 0.0003

“The error refers to standard deviations as returned by the y* minimization procedure.

absorptive imaginary counterpart of the dielectric function
cannot be neglected (as in the RG model).

It is noteworthy that the Lorentzian analysis of the nanowire
PR spectrum in Figure 3 returned a line-shape fitting and
energies of the resonances undistinguishable from that of
Gaussian ones but allowed determining the optical oscillator
strengths of the resonances, further elucidating the nature of e,
e;, and e; transitions. As-obtained Lorentzian moduli are
reported in Figure 3, together with those of the reference
sample.

The resonances in Table 2 have been consequently assigned
as follows: present GaAs nanowires were previously shown to
be slightly p-type,”> most likely as a result of unintentional
carbon incorporation during MOVPE growth. Resonance e,
(at 1.386 eV) has been thus ascribed to a bound-to-free
transition involving carbon acceptor impurities within the
GaAs cores. It is noteworthy that this resonance appears to
have a larger intensity and a comparable Lorentzian linewidth
(modulus-area ~6 X 107 and I'; = (26 + 3) meV) for the
nanowires with respect to what was observed in the reference
sample (modulus-area ~2 X 107% and I, = (21 + 3) meV),
despite the fact that the 21 nm thick GaAs epilayer within the
planar structure (see the Experimental Section) is expected to
be fairly carbon-doped because of its low growth temperature.

Resonance ey (at 1.421 eV) appears very narrow with a
broadening parameter I'q; = 4.6 meV (i.e., comparable to
values observed in the PR spectra of high quality AlGaAs/
GaAs planar heterostructure***), while resonance e, (at 1.413
eV) appears red-shifted by ~8 meV with respect to e; and
about 3X broader (I'g, = 11 meV). The significant difference
in the phenomenological broadening parameters strongly
suggests that e, and e; resonances could be ascribed to heavy
(HH) and light-hole (LH)-related transitions, respectively.
Indeed, it is well known that the natural line broadening of
transitions involving HH and LH states is directly proportional
(through the uncertainty principle) to their corresponding
transition rates (R). The ratio between experimental values
(Tga/Tg3) = 24 is in good agreement with the value
commonly reported in the literature®>>* for the HH- to LH-
related transition-rates ratio (Ryyy/Ryy) = 3. In this respect, we
highlight that the contribution of inhomogeneous broadening
(related to disorder within the nanowires) scarcely affects the
I'gy/Tg; ratio (see the Supporting Information) and our
conclusion. The observation of exciton resonances in optical
absorption spectra has been reported at room temperature for
pure n- and p-type GaAs crystals™ indeed supporting our
previous claim that present GaAs cores are only lightly p-
doped. Furthermore, the energy separation between e, and e;
resonances is consistent with a tensile-strain-induced splitting
of the GaAs HH-LH valence bands at the I" point (see the
Supporting Information).>**”

To better understand the role of absorption, as highlighted
by the RAG model analysis, in the PR modulation mechanisms

of present nanowire samples, we performed PR experiments on
nanowire ensembles having higher densities (Areas B and C in
Table 1). Because of the weak reflected signal associated with
high-density nanowires and in order to increase the incident
probe intensity, all measurements were performed at the lowest
spectral resolution (31 meV). The results are reported in
Figure 4a (upper section) together with the PR spectra
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Figure 4. (a) Upper section: PR spectra of GaAs—AlGaAs core—shell
nanowires arrays with different densities (Areas A, B, and C in Table
1). The continuous lines through experimental data are the
Lorentzian line-shape best-fitting of PR spectra. Lower section:
calculated Lorentzian moduli (LM) of PR resonances. (b) Values of
the integrated LM as a function of estimated AlGaAs shell thickness
(see Table 1 for the latter).

recorded under the same conditions for medium density
nanowires (Area A in Table 1) and the reference planar sample
(squared gray symbols).

For the spectra in Figure 4, no clear evidence of PR
resonance has been achieved in the A, spectral range, while
the out-of-phase components of the PR signals are negligible.
On the contrary, all nanowire samples showed an intense
resonance in the spectral range of GaAs band-edge, the
resonance being asymmetric on its low-energy side. As
previously discussed for the PR spectrum recorded on the
sample Area A, such resonances can be ascribed to transitions
occurring in the GaAs core nanowires. Most noticeably, we
observe that the resonance signal in the PR spectra of Figure 4
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increases as the nanowire density increases. However,
measurements performed on Area A (lower nanowire density,
larger shell) show the lowest AR(4)/R(A) signal, while the
modulated AR(A) and continuous R(A) signals are about 3X
and 30X larger respectively, than those for the denser nanowire
samples. Geometrical effects such as reduced light trapping
induced by the lower nanowire density of Area A could explain
the higher continuous signal R(4) observed for this sample. On
the contrary, the high modulated signal AR(4) suggests an
enhanced optical modulation of the processes occurring in this
sample.

A Lorentzian analysis has been applied to the PR spectra of
the different nanowire ensembles; the resulting Lorentzian
moduli of the PR resonances are also reported in Figure 4a.
The analysis returned two energy resonances at 1.39 and 1.42
eV for all nanowire samples. However, the low spectral
resolution of PR spectra does not allow any quantitative
estimate in terms of resonance energy shift and/or broadening
effects for the different nanowire samples. Anyway, a
comparison between the Lorentzian moduli confirms an
enhancement of the optical absorption of nanowire ensembles
with increasing their density. This result is further highlighted
in Figure 4b, where the integrated areas of the Lorentzian
moduli are reported for each sample; noteworthy, PR spectra
measured for Areas B and C, having the largest wire densities
(Table 1), show integrated Lorentzian moduli about 30X
larger than the reference sample.

A more valuable estimate of the absorption enhancement for
present core—shell nanowires can be obtained by normalizing
the integrated Lorentzian moduli to the actual GaAs core
volume fill fraction (relative to a planar layer of the same
thickness) of the nanowire ensembles. Based on data in Table
1, we calculated the GaAs volume fill fraction within the
nanowire arrays to be 0.55—0.57% and 1.6—2.0% for Areas A
and B, respectively (see the Supporting Information). Such
values correspond to an equivalent GaAs film thickness lyy of
about 35—37 nm and 116—144 nm, respectively. For the
sample Area C, we estimated instead, a volume fill fraction
~6.9% or higher, corresponding to Iy roughly in the range
483—965 nm.

We therefore estimate the volume- and light-intensity-
normalized exciton oscillator strengths for the reference sample
and the nanowire arrays, as follows: taking Fyj,, as the
Lorentzian modulus of exciton absorption estimated from our
analyses of PR spectra of the reference sample (Figure 4), (1 —
Ryanar)lo & 071y as the incident light intensity effectively
transmitted through the 215 nm thick AlGaAs layer reaching
the underlying planar GaAs, and taking a near band-edge (i.e.,
at photon energies ~1.4 €V) absorption length I, =1 X 10°> nm
for the undoped GaAs substrate,” the normalized reference
sample oscillator strength can be roughly calculated as Fyj,p,./
(1 = R)Iyl,; similarly, if Fyy is the corresponding Lorentzian
modulus for exciton absorption from nanowires, and
considering that the optical reflection Ryyy of their arrays is
quite small, the normalized exciton oscillator strength for the
nanowires can be simply estimated as Fyw/Ilyw. The
nanowire near band-edge absorption enhancement factor
(with respect to the reference sample) can then be estimated

by

o
E haw (1)

planar

(1-R)

Application of eq 1 to sample Areas A and B leads to
absorption enhancement factors of 32—34 and 153-190,
respectively, where the value intervals arise from uncertainties
in evaluating the GaAs core volume fill factors (see the
Supporting Information). The estimated value for Area C turns
out instead in the range of 22—43 or just below.

Such large absorption enhancement ratios indicate that
incident light gets strongly absorbed in present nanowires.
Krogstrup et al.'” reported on the band-edge absorption of a
2.5 um long free-standing GaAs nanowire embedded in SU-8
and a theoretically calculated enhancement factor of 10—70
(depending on its actual diameter) with respect to an
equivalent thin film. It is noteworthy that our estimated
enhancement factors appear comparable (for sample Areas A
and C) or appreciably greater (for sample Area B) than those
calculated in ref 12; however, multiple light scattering between
nanowires must be also considered in determining the optical
properties of dense nanowire arrays. For this purpose, a finite
difference time-domain (FDTD) analysis is usually carried
out.®

In Figure S, the as-obtained enhancement factors for our
core—shell nanowires are compared with volume-normalized
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Figure S. Estimated absorption enhancement factors as function of
nanowire diameter in the case of GaAs—AlGaAs core—shell nanowire
(blue solid points) and GaAs nanowire (black solid points) arrays.
Values for GaAs arrays were calculated based on FDTD reflectance
data reported in ref 9, while the light blue point represents the
extrapolated value for 75 nm-diameter GaAs nanowires. The upper
blue scale shows the average AlGaAs shell thickness (Table 1) of the
core—shell nanowire ensembles corresponding to sample Areas A, B,
and C. Black and blue lines are only guides for the eye.

values for dense periodic arrays of GaAs nanowires (having a
fixed diameter-to-pitch ratio of 0.5, which corresponds to a
volume fill fraction of 19.6%), estimated at A = 876 nm on the
basis of FDTD-simulated reflectance data reported in ref 9. It
is noteworthy that the volume-normalized enhancement
factors for the GaAs nanowire arrays remain always within
the 0.4—3.8 range; in particular, values <1 (absorptance lower
than for a thin film) are obtained for nanowire diameters <120
nm, as only a few resonance guided-modes are allowed within
the nanowires;'' as the nanowire diameter increases more
guided-modes come into play, the enhancement factor
increases. However, further increasing the diameter leads to
a decrease in absorption efficiency due to increased reflection
at the top surface of the nanowire array and insufficient field
concentration at long wavelengths.” We further underline here
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that taking volume fill fractions comparable to those found for
our core—shell arrays (around 0.6—7%) would bring the
calculated absorption enhancement factors of the GaAs
nanowire arrays to values well below those shown in Figure S.

In comparison, our core—shell nanowires show much higher
(up to about 50X that of GaAs nanowires) absorption factors,
despite the small average diameter (70—80 nm, Table 1) of
their GaAs cores. Bao and Ruan'® previously showed that
while nanowire arrays with random position of individual
nanostructures show small absorption enhancement with
respect to uniform (periodic) arrays, those with random
nanowire diameters or lengths may show significant absorption
enhancement. However, our nanowire arrays present much
narrower diameter and length distributions (see Table 1 and
Supporting Information) than those reported in ref 10 for
significant contribution to the absorption enhancement.

Our findings can be therefore ascribed to improved light
wave-guiding into the GaAs cores induced by addition of the
surrounding AlGaAs shell."" Still, our data mimic the nanowire
diameter dependence observed for simple GaAs nanowires: for
a very thin shell thickness the absorption enhancement remains
relatively small, as in this case the guided-modes tend to be
squeezed out of the GaAs core and onto the core—shell
nanowire surface (air modes);""" instead, increasing the shell
thickness localizes the light more and more into the nanowires
(dielectric resonance modes) allowing for higher absorption
efficiencies. Finally, Figure S5 shows that, as for the GaAs
nanowire arrays, large diameters of the core—shell nanowires
(corresponding to lower nanowire densities) lead to a decrease
of the absorption enhancement factor, as a result of increased
optical reflectance from the array.

Detailed numerical comparison of our experimental
absorption enhancement factors with those obtained by
FDTD simulations remains however necessary for present
core—shell nanowire arrays to confirm our conclusion and
explore whether even larger values could be obtained by fine
tuning of the nanowire geometrical parameters.

We would finally point out that, as the difference between
the core and shell refractive indices remains almost constant
within the investigated spectral range (600—820 nm),”® our
conclusions can be extended also to the case of PR
measurements performed in GaAs-resonant modulation
condition.

B CONCLUSIONS

We reported on the optical study of GaAs near-band-edge
absorption in free-standing GaAs—AlGaAs core—shell nano-
wires conducted through line-shape analyses of room-temper-
ature PR spectra, the latter measured for nanowire arrays of
different densities and, for the sake of comparison, planar
GaAs/AlGaAs/GaAs epilayers. In all cases, PR resonances
within the energy region of GaAs bandgap were clearly
observed, allowing to perform meaningful fittings of PR spectra
by employing first-derivative Gaussian models (i.e., Refractive
and Refractive-Absorptive) of the GaAs complex dielectric
function.

Under the highest PR spectral resolution (3 meV)
compatible with the weak reflected signal intensity of the
nanowire arrays, line-shape analyses through the above
Gaussian models both returned a doublet of resonance lines
at energies between 1.410 and 1.422 eV, and further ascribed
to strain-split HH- and LH-exciton transitions within the GaAs
core. The observation of exciton resonances in room-
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temperature PR spectra strongly indicate that the present
GaAs core material is relatively pure. Still, a weaker resonance
at 1.386 eV has been ascribed to a bound-to-free transition
involving residual carbon acceptor impurities within the
material.

The Lorentzian analyses of PR spectra returned line-shape
fittings and resonance energies undistinguishable from that
obtained from Gaussian ones; however, the former allowed
determining the optical oscillator strengths of the exciton
resonances, taken proportional to their Lorentzian modulus,
the latter obtained by best-fitting PR spectra measured at
various positions across the sample and corresponding to
core—shell nanowire arrays of different densities. Significant
enhancements (up to 30X) of the exciton optical absorption
with respect to the reference GaAs/AlGaAs/GaAs planar
structure were so demonstrated. A more valuable estimate of
the absorption enhancement for present nanowires was then
obtained by normalizing the integrated Lorentzian moduli to
the estimated GaAs core volume fill fraction within each
nanowire ensemble. Volume-normalized absorption enhance-
ment factors (with respect to the reference sample) in the 22—
190 range were obtained, indicating that light absorption is
strongly enhanced in present core—shell nanowires, and further
depending on the actual value of AlGaAs shell thickness.
Comparison with results of FDTD studies on GaAs nanowire
arrays and single GaAs—AlGaAs core—shell nanowires in the
literature allowed us to ascribe our findings to improved wave-
guiding of incident light (1 ~ 876 nm) into the GaAs cores
induced by the surrounding AlGaAs shells. Present results
further point out that light concentration into GaAs nanowires
could be greatly increased by careful engineering of the shell
bandgap energy (e.g, its refractive index), thickness, and array
density. In conclusion, we confirm the great potential of dense
arrays of core—shell nanowires as superabsorptive media for
the fabrication of efficient and less costly III-V solar cells.
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