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Abstract

The elemental distribution of self-organized In-rich In,Ga;_,N nanowires grown by
plasma-assisted molecular beam epitaxy has been investigated using three different techniques
with spatial resolution on the nanoscale. Two-dimensional images and elemental profiles of
single nanowires obtained by x-ray fluorescence and energy-dispersive x-ray spectroscopy,
respectively, have revealed a radial gradient in the alloy composition of each individual
nanowire. The spectral selectivity of resonant Raman scattering has been used to enhance the
signal from very small volumes with different elemental composition within single nanowires.
The combination of the three techniques has provided sufficient sensitivity and spatial
resolution to prove the spontaneous formation of a core—shell nanowire and to quantify the
thicknesses and alloy compositions of the core and shell regions. A theoretical model based on
continuum elastic theory has been used to estimate the strain fields present in such
inhomogeneous nanowires. These results suggest new strategies for achieving high quality

non-polar heterostructures.
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1. Introduction

Semiconductor nanowires (NWs) based on group-III nitrides
have generated much interest in the last decade as they might
offer several advantages over bulk and thin layer morphologies.
First of all, since NWs have more freedom to relax strain
caused by lattice mismatch to the substrate, GaN, InN and
AIN NWs free of extended defects have been obtained on
silicon, sapphire and other substrates [1-4]. Furthermore,
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the proximity of the free lateral surface should also enable
efficient strain relaxation. This is of paramount importance in
the case of In,Ga;_,N ternary alloys, where compositional
inhomogeneities and phase segregation hamper the growth
of high quality films across the entire range of compositions
and thus the tunability of the alloy bandgap from the UV to
the IR [5-7]. Last but not least, NW heterostructures can be
obtained not only in axial but also in core—shell geometry.
Non-polar core—shell NW-based heterostructures should, on
the one hand, improve the internal quantum efficiency due
to the suppression of the internal electric fields and, on the
other hand, disentangle light absorption from radial collection

© 2014 IOP Publishing Ltd  Printed in the UK
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Table 1. Growth process parameters and characteristic morphology
of the In,Ga;_,N NWs investigated: Ga supply (cga,); substrate
temperature (7s); length (L); and diameter (D). In sample G710 a
bimodal distribution with two different average sizes was found and
they are labeled A and B.

Sample cGa (%) T (°C) L (nm) D (nm)
G869 5 458 250-1000 50-500
G632 20 500 500-800 35-60
G692 20 575 450-1100 75-170
G710A 50 550 1200-1300  200-250
G710B 50 550 650-1000 35-65

of photogenerated carriers. Both effects are advantageous for
optoelectronic and light-harvesting applications [8].

Molecular beam epitaxy (MBE) could be a suitable tech-
nique for growing In,Ga;_,N NWs across the entire com-
positional range, even for high indium contents, as it allows
a relatively low growth temperature as compared to metal
organic chemical vapor deposition (MOCVD) for example.
This has been pointed out as a key factor for overcoming
the alloy miscibility gap [5]. There are a few reports on
MBE-grown In,Ga;_,N NWs which show, however, poorer
columnar morphology than their binary counterparts [9-11].
Most of the publications to date report on structures where
In,Ga;_,N is grown either on top of [12—-15] or inserted into
GaN NWs [16-20]. Controlling the alloy concentration is also
difficult, especially for a high In content. As a consequence,
MBE-grown In,Ga;_,N NWs exhibit limited energy tunability
and large broadening of their emission peaks, emphasizing the
inhomogeneous composition distribution and the strain fields
present in these NWs, even in the case of NW insertions [13,
18-20]. Shedding light onto such a complex scenario requires
the combination of several characterization techniques with
capability of probing single NWs.

In this work we study the elemental distribution of
In,Ga;_,N NWs with a high In content grown by MBE.
Three techniques are used for the characterization of single
NWs. X-ray fluorescence (XRF) imaging carried out with
a synchrotron radiation nanoprobe is used for quantitative
composition analysis, providing elemental identification with
excellent detection limits. Higher spatial resolution is achieved
in linear scans of energy-dispersive x-ray spectroscopy (EDX)
recorded in a transmission electron microscope (TEM). Fi-
nally, Raman scattering provides valuable information about
crystalline quality, chemical composition, and strain fields
of NW ensembles. When the excitation matches the energy
of an electronic transition, resonant Raman scattering (RRS)
can be used to study single NWs. Furthermore, RRS offers
additional spectral selectivity which allows the study of
specific nanometric areas within individual inhomogeneous
NWs. For the appropriate interpretation of RRS results, the
strain fields in inhomogeneous NWs are calculated with a
theoretical model based on continuum elastic theory.

2. Experimental details

In-rich In,Ga;_ N NWs were grown on a rotating n-type
Si(111) substrate by catalyst-free plasma-assisted MBE in a
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Figure 1. SEM side-view images of as-grown InyGaj_,N NW
ensembles with the same nominal composition and different 7s:
sample G692 (a) and sample G682 (b). (c) HRTEM micrograph
showing the atomic planes close to the lateral surface of a single
InyGaj_ N NW from G682. The amorphous material at the surface,
indicated by an arrow, could be a thin oxide layer. (d) Normalized
PL spectra in the IR range of InyGa;_,N NW ensembles of the
investigated samples measured at 10 K.

Veeco Gen-II system. The active nitrogen was supplied by a
radio frequency plasma source (UNI-Bulb), whereas standard
effusion cells provided In and Ga. Nitrogen-rich conditions
were kept during the growth time (of 200 min for all samples).
The Ga supply, cGa, defined as the Ga/(In + Ga) flux ratio
and the substrate temperature, Ty, were varied as shown in
table 1. Ty was measured with a pyrometer (Ircon modline 3,
32-13C10, € = 0.639).

Dense ensembles of free standing In,Ga;_,N NWs (den-
sity ~5-50 NWs um~2) are obtained by MBE for the three
different Ga relative supplies explored in this work. There is a
large dispersion in the lengths (L) and diameters (D) of NWs
belonging to the same sample and their range, gathered in
table 1, is very dependent on T, as can be seen in the scanning
electron microscopy (SEM) images of figures 1(a) and (b).
For the same cg, but increasing Ty, there is a reduction in the
density of the ensemble accompanied by an increase in the
NW diameter, especially at the top end of the NW (the wires
adopt a baseball bat shape). For the highest cga, the size of the
NWs falls into a bimodal distribution with two characteristic
values for L and D, as reported in table 1. High resolution
TEM (HRTEM) images, like that of figure 1(c), show the high
structural quality of the grown NWs.

The NW ensembles have been characterized by photo-
luminescence (PL). The samples were held in a closed cycle
He cryostat and excited with several visible and ultraviolet
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lines from an Ar laser. The PL signal was dispersed in a
0.18 m monochromator and detected with either a InGaAs
photodiode, for the infrared (IR) range of the spectrum, or a
charge coupled device (CCD), for the visible and ultraviolet
ranges. All samples presented an emission peak in the IR
range, as shown in figure 1(d), while only two of them, G682
and G710, showed a second broader PL band in the visible
range (not shown). The central energies of the IR PL peaks are
close to the bandgap energy of pure InN (0.67 eV) and show
no correlation with cgj,.

For the analysis of single NWs, they were scraped off
the substrate and dispersed onto a different substrate. Several
tens of single NWs were isolated and investigated by three
different techniques. For XRF and RRS, gold and aluminum
patterned substrates with 50 x 50 um? grids were used to
facilitate the location of single NWs previously imaged by
SEM. Commercial holey carbon films supported by standard
Cu grids were used for HRTEM-EDX measurements.

The RRS measurements were performed in backscattering
geometry using either an Ar/Kr laser or an IR laser diode
as the excitation source. The laser light was focused onto a
1 pm-diameter spot by means of a Nikon microscope objective
(100x, NA =0.90). The scattered light was analyzed with a
Jobin-Yvon T64000 triple spectrometer equipped with a liquid
nitrogen cooled CCD detector.

The nanoimaging station ID22NI at the European Syn-
chrotron Radiation Facility hosted the XRF measurements.
The x-ray beam was focused by a pair of Kirkpatrick—Baez
multilayer coated Si mirrors providing a spot size of 50 x
50 nm? with a flux of about 10!2 phs~! at 17 keV (AE/E ~
10~2) [21]. The detection limit was down to 1 ppm for elements
heavier than Ca. Rectangular regions containing single NWs
were scanned by the x-ray beam with steps of 25 nm. The
XREF signal was detected at 15° with respect to the sample
surface using an energy dispersive silicon drift detector. The
XRF spectra were analyzed using the non-linear least-squares
fitting code PyMca [22].

The HRTEM-EDX measurements were catried out in a
FEI Tecnai G? system with a Schottky field emission electron
gun operated at 200 kV. The sample holder was tilted by
30° with respect to the electron beam to optimize the fluo-
rescence detection. Different dwell times were tested in order
to find an optimum value (4 s per point) which avoided beam
damage while still providing reasonable counting statistics.
The spatial resolution is given by the 3 nm diameter of the
electron beam. The commercial software of the instrument
provided Cliff-Lorimer k-factors for quantitative chemical
analysis.

3. Results

3.1. Resonant Raman scattering

Raman scattering measurements on ensembles of free standing
NWs were performed using different excitation wavelengths.
Figure 2(a) shows the RRS spectra of one of the investigated
samples (G692) for three different excitation wavelengths. In
the backscattering geometry used in the present experiment,
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Figure 2. Raman spectra of (a) ensembles and (b) single In,Ga;_,N
NWs from sample G692 for excitation wavelengths of 514.5, 647.1,
and 785 nm. All measurements were carried out at room
temperature in backscattering geometry.

the incident laser beam and the collected scattered light are
nearly parallel to the c-axis of the NWs of the ensemble.
Therefore, there are two phonon modes allowed by the Raman
selection rules [23]: Eop [between 488 (InN) and 568 cm~!
(GaN) [24]] and A;(LO) [between 586 (InN) and 734 cm™!
(GaN) [24]]. The scattering conditions, however, can deviate
from the nominal ones since a significant proportion of the
light enters the NWs at a random angle through their lateral
surfaces [25]. Then, the A (LO) can be mixed with the E| (LO)
mode resulting in a so-called quasi-longitudinal optical (LO)
mode at a slightly higher frequency. The Esp peak can be
observed in figure 2 as a shoulder on the low energy tail of
a very intense peak centered at 520 cm™!, which is coming
from the silicon substrate. At higher frequencies, the quasi-LO
modes appear in the spectra as broad bands for all the excitation
wavelengths, which is a typical sign of inhomogeneities in
the alloy composition [27]. Another interesting observation
is the shift of the maximum of this band from ~600 to
~690 cm™! when the excitation changes from 785 to 514 nm.
For higher excitation energies (not shown here) there is no
further blue-shift and the quasi-LO band remains like the one
obtained for 514 nm. This behavior can be explained by the
selective excitation of regions with different Ga contents. The
inhomogeneities detected in the NW ensembles could be due
either to the existence of NWs with different compositions or to
inhomogeneities in the alloy content within single NWs [28].

With the aim of discerning the origin of these inhomo-
geneities, the RRS spectra of single NWs were measured as
a function of the excitation wavelength. In these experiments,
the excitation and the scattered light propagate perpendicular
to the NW axis, so that the A{(TO) [between 447 (InN) and



Nanotechnology 25 (2014) 075705

M Gémez-Goémez et al

531 cm™! (GaN) [24]] and E; (TO) modes [between 476 (InN)
and 559 cm™! (GaN) [24]] as well as the E», mode are allowed
by Raman selection rules [23]. Three representative spectra
are shown in figure 2(b) for different excitation wavelengths.
Several weak peaks are resolved at frequencies close to the Eop
frequency which could be attributed to transverse optical (TO)
modes. At frequencies higher than 586 cm™!, the quasi-LO
bands are identified, although these modes are symmetry-
forbidden. The occurrence of LO modes has also been reported
for InN NWs [26]. The spectral content of the quasi-L.O bands
is almost identical to those of the NW ensemble, proving that
the alloy inhomogeneities come from individual NWs.

The quasi-LO bands can be decomposed into two or three
Gaussian peaks depending on the excitation wavelength. The
lowest frequency one, labeled 1 in figure 2(b), is centered in a
narrow interval (~594-599 cm~!) and changes significantly
with the excitation line. The second spectral contribution of
the quasi-LO band, peak 2, becomes more intense and slightly
blue-shifts with increasing excitation energy. Both effects are
also observed for the third peak, which can only be resolved
for red and green excitation lines. Such intensity enhancement
is a typical feature of RRS. Since the product of the light
penetration and escape depths (estimated as ()~ 1) for the
excitation energies employed in the current experiments are
comparable to the NW diameter [29], the RRS spectra of
figure 2(b) are representative of most of the NW volume. Thus,
the observed blue-shift of the Raman peaks can be attributed
to selective resonant excitation of regions with different Ga
content within each single NW.

The frequencies of the LO phonons of In,Gaj_,N shift
with the atomic composition following the so-called one-
mode-type behavior [27], in which the phonon frequency
varies continuously from the mode frequency of one com-
pound to that of the other, as expressed by Vegard’s law for
A1(LO): (1 —x) = (w —586)/148 (with w being the central
frequency of each Gaussian peak incm™"). It should be pointed
out, however, that the phonon frequency is also a sensitive
probe of the strain state of nanostructures. Both contributions,
alloy composition and strain fields, will be taken into account
later in the discussion of the RRS results. On the other hand,
the sensitivity of Raman scattering to the disorder inherent
in ternary alloys [27] is responsible for the increase in the
spectral broadening of the Raman peaks observed in figure 2.
This is the main contribution to the uncertainty of the alloy
composition deduced by RRS (< 15%).

3.2. X-ray fluorescence

The elemental composition of individual NWs has been
examined by XRF measurements. The high photon flux of the
two-undulator-based nanoprobe provides superior elemental
sensitivity in the hard x-ray regime and high spatial resolution
capable of resolving single NWs [28, 30]. Figures 3(a) and
(b) show the fluorescence intensity maps of the Ko line of Ga
and the Lo line of In for a representative single In,Gaj_,N
NW from sample G692. The superposition of both elemental
intensity maps (see figure 3(c)) shows a higher signal from Ga
at the bottom than at the top of the NW (the top and bottom
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Figure 3. (a) Ga Ko and (b) In L« fluorescence intensity maps of a
InyGaj_N single NW from sample G692. The color scale indicates
the XRF intensity in photon counts. (c) Superimposed fluorescence
intensity maps of In Lo (red) and Ga Ko (green). (d), (e) Ga content
along A (the axis of the NW) and C (the center cross-section of the
NW), respectively, as depicted in the inset SEM image.

ends of the NW were previously identified in the SEM image
of figure 3(d)). Furthermore, there are variations in the relative
intensity of In and Ga along the NW radius. The central part,
or core, seems to be richer in In than the outer layers, or shell,
suggesting the spontaneous formation of a core—shell structure.
Although the oversampling of the XRF scan allows a partial
definition of the shell region, its thickness cannot be resolved
due to the spatial resolution of the technique. Besides the depth
resolution, which is determined by the incident x-ray photon
energy, the spatial resolution in these XRF measurements is
governed by the spot size of the incident beam and the diffusion
length of the carriers. Therefore, the resulting spatial resolution
should be larger than the spot size.

Quantitative information on the elemental concentration
along the NWs can be extracted from the XRF spectra using the
relation between the intensity of each elemental fluorescence
line, I;, and its concentration, C;, which is given by [31]

d
IiZIOkiCi/ el siny tu(E)/sinealy g (1)
0

For the In,Ga;_,N ternary alloy, Ga and In concentrations
are Cgy = (1 —x) and Cy, = x. Equation (1) is valid for a
flat sample excited by a monochromatic incoming x-ray beam
neglecting enhancement effects due to additional excitation of
the element of interest by the characteristic radiation of other
elements in the sample. Iy is the intensity of the incoming
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beam and k; accounts for the fluorescence yield, solid angle,
and detection efficiency. The attenuation due to the sample
thickness, d, is given by the integral, where w is the total
mass absorption coefficient at the energy of the fluorescence,
E;, and the excitation, hv, and 0; are the excitation and
detection angles relative to the sample surface. As the total
mass absorption coefficient of the alloy is given by u =
>; Cipi, equation (1) has been solved iteratively imposing
the stoichiometric condition, Zi C; = 1. Special attention has
been paid to the variation of the sample thickness along the
NW radius. Considering that ud < 1 for our experimental
conditions (excitation and detection angles, diameters and
alloy compositions) the thin sample approximation has been
assumed [31]. Therefore equation (1) has been simplified to

I; =~ Ipk; C;d. 2)

Figures 3(d) and (e) show the Ga concentration in different
positions along the axis and the diameter at the central height
of the studied NW, respectively. The axial line-scan shows that
Ga accumulates at the bottom of the NW, whereas the lowest
Ga composition is located at the top of the NW. The radial
line-scan also shows a gradient in Ga intensity and suggests
a higher Ga concentration close to the NW lateral surfaces
than in the inner core. The same radial alloy distribution has
been observed when the In Ko line was employed for the
quantification. The error of these numerical values is of the
order of 5% due to the propagation of errors mostly coming
from the tabulated parameters of equation (1).

In order to detect any possible radiation damage in the
material produced by the x-ray beam, some of the single
In,Ga;_,N NWs investigated were characterized by Raman
scattering before and after the XRF scans. From the compari-
son of the Raman spectra we concluded that, at the excitation
photon density used in our experiments, the x-ray beam did
not inflict measurable changes in the elemental composition
and the structural quality of the NWs within the sensitivity of
our RRS technique.

3.3. Energy-dispersive x-ray spectroscopy

In order to clarify the spontaneous formation of a core—shell
structure in these NWs, HRTEM-EDX measurements were
carried out in single NWs, providing higher spatial resolu-
tion but worse detection limits than synchrotron-based XRF.
HRTEM-EDX offers an improved spatial resolution to the
detriment of the signal to noise ratio of the fluorescence
intensity. Damage by the electron beam also limits the sen-
sitivity of this technique, as it could cause fluctuations in the
In concentration [32].

The HRTEM-EDX intensity profiles obtained in the C
radial and axial line-scans of the single NW depicted in
figure 4(a) are shown in figures 4(c) and (d), respectively. Each
point of the line-scan accounts for the integrated intensity of
either the Ga Ko or the In Lo fluorescence lines, as shown
in figure 4(b), and is represented as a function of the beam
position relative to the NW length and radius. The absolute
spatial reference is lost when the single NWs, which are
dispersed with random orientation on the holey carbon film, are

tilted with respect to the positions of the fluorescence detector.
Quantitative values for the alloy composition in the NW were
obtained using the Cliff-Lorimer method [33] with the k-
factors provided by the commercial software of the instrument.
This method relies on the thin sample approximation which,
as discussed previously for XRF quantification, can be safely
assumed for these NWs. The use of this approximation
is also justified by the good correlation (not shown here)
between the radial profiles of the HRTEM-EDX intensity
of binary GaN and InN single NWs and their corresponding
cross-sections. Nevertheless, extra attention is paid to the case
of radial line-scans, where the chemical composition changes
simultaneously with the sample thickness [34]. Fluorescence
spectra measured from two different points in the NW core
and shell regions, like those depicted in figure 4(b), show
a lower intensity of the In Lo fluorescence line at the shell
than at the core, while the intensity of the Ga K« line
remains almost constant. A statistically meaningful number
of radial line-scans have been recorded and analyzed for
NWs with a random geometrical disposition with respect to
the detector. The compositions obtained are consistent and
independent of the NW orientation, proving that the existence
of a radial gradient of compositions is not an artifact caused
by a non-uniform aspect ratio with respect to the detector.

Figure 4(f) shows the radial variation of the Ga content
at the center of the NW. The concentration of Ga is approx-
imately constant in the core and then increases continuously
towards the lateral surfaces of the NW in the region we have
denominated as the shell. The asymmetry observed in this
profile could be associated with shadowing effects during the
growth. The fact that most of the radial profiles are symmetric
rules out other effects related to the HRTEM-EDX collection
geometry. The axial line-scan depicted in figure 4(e) shows a
non-linear decrease of Ga concentration from the bottom to
the top of the NW. The relative uncertainty of the elemental
concentrations is now dominated by the counting statistics, as
shown in figure 4(b), and reaches a maximum value of 35% in
the points closer to the lateral surfaces of the NWs, due to the
reduction of the probed volume.

4, Discussion

The three experimental techniques employed in this work are
sensitive to alloy compositions but, due to the complexity of the
present In,Ga;_,N NWs, which include inhomogeneities at a
nanometric length scale, none of them can provide definitive
composition values on their own. Thus, the combination of
more than one technique, in such a manner that the strengths
of one complement the weaknesses of others, is valuable
in this case. Both HRTEM-EDX and XRF measurements
probe locally the average alloy composition of the excited
sample volume, offering complementary spatial resolution and
elemental sensitivity, respectively. On the other hand, regions
with different alloy composition within the whole NW volume
appear as separate peaks in the RRS spectra. The central
frequency and the linewidths of these peaks can be interpreted
in terms of the alloy composition and the strain fields present in
these heterogeneous NWs. Furthermore, their intensities can
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Figure 4. (a) TEM micrograph of a single NW from sample G692. Axial and radial HRTEM-EDX line-scans performed on the NW are
depicted and labeled A (axial), B (bottom), C (center) and T (top). (b) Comparison of the fluorescence spectra corresponding to two different
points pc (inner core) and pg (outer shell). Besides the In L and Ga K fluorescence lines from the NWs, Cu K lines from the TEM grid are
also observed. (c), (d) Integrated fluorescence intensity of the Ga Ko and In Lo lines along A and C as depicted in the TEM micrograph,
respectively. (e), (f) Ga content deduced from the HRTEM-EDX line-scans along A and C, respectively.

be enhanced when the excitation energy is in resonance with
electronic transitions of the NWs.

Let us start by analyzing the HRTEM-EDX and XRF
results. Both techniques have evidenced a gradient in the radial
alloy distribution with a core—shell structure which should
be taken into account in the quantitative interpretation of the
experimental profiles. As a first approximation, a cylindrical
NW with a sharp transition in the alloy composition between
the core and the shell can be assumed. The cross-section of
such a model NW is depicted in figure 5(a), where a core of
radius R. and Ga content C)°, is surrounded by a shell of
thickness # and relative Ga concentration Cgf“. The shadowed
area represents the volume probed by the electron (or x-ray)
beam in the HRTEM-EDX (or XRF) line-scan when it is
positioned at a distance y from the NW center. In the thin
sample approximation, the intensity of the fluorescence lines
for each element are proportional to its concentration and to

the sample thickness, as shown in equation (2). For EDX
line-scans, the finite size of the electron beam can be neglected
and each elemental fluorescence line should be given by

Ii(y) o CMeL /(R +1)2 — 2

for Re+t>y> R,

L)« CRE= 7 + el (VRe+ 2=y )
— /RCZ — y2>

The relative Ga concentration along the diameter of the sharp
core—shell NW, calculated as

for y < R..

Iga(y)
IGa(y) + Im (y) ’

should then be compared with the experimental profiles
obtained by HRTEM-EDX. Figure 5(b) displays the best

Caa(y) = “
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Table 2. Values for C&°, Cé“;“, R and ¢ for single representative
NWs from sample G692 deduced from the fitting of the
HRTEM-EDX and XRF experimental data for cross-sections at the
bottom (B), center (C) and top (T) shown in figure 4(a). The slash
separates the HRTEM-EDX value (left) from the XRF one (right).
Due to the small thickness of the shell, 7 values are obtained from
the fitting of the HRTEM-EDX line-scans only.

Section  CE® (%)  CM (%) R (m) 1 (nm)
B 173 41/16-40*  40/82 12
C 1/4 32/18 52/74 8
T 1/3 15/9 77177 5

4 Values corresponding to the left-right side of the asymmetric XRF
profile.

fitting curves for the experimental results for the bottom (B),
center (C) and top (T) cross-sections of a representative single
NW. A very good agreement is observed for lines C and T,
while profile B is less accurate. This could be due to the
existence of more than two phases in the bottom part of
the NW [35]. Thus the sharp core—shell NW model can be
a reasonable first approximation for most of the NW volume,
with the exception of the bottom part.

The core and shell Ga contents, R, and ¢ obtained from
the fittings at the three cross-sections are gathered in table 2.
The core of the NWs is almost pure InN, while the shell Ga
content exceeds by far the Ga supplied in the growth process
at the bottom of the NW and diminishes gradually towards the
top. The shell thickness also decreases from bottom to top.
The simultaneous reduction of the Ga content and thickness
of the shell from the bottom to the top of the NW can explain
the slow decrease observed in most of the axial A profile (see
figure 5(c)). Again here, the high Ga content found at the base
of the NW deviates from the model predictions.

The Ga content obtained by XRF along the different
B, C and T cross-sections (see figure 6) can be fitted by
the core—shell profile and show equally good agreement. In
this case, however, the intensity profiles of equations (3)
have been convoluted with a Gaussian of 22.5 nm width
in order to account for the 50 x 50 nm? x-ray spot size.
Since the size of the x-ray beam makes the fitting of ¢ rather
imprecise, this parameter is taken from the HRTEM-EDX
results from a different NW. It should be pointed out that
the values of 7 obtained from the HRTEM-EDX analysis
of several NWs do not vary substantially with the size of
the NW. Table 2 also shows the Ga contents for the core
and the shell of a representative NW from sample G692 as
obtained from the fitting of its XRF profiles. Concerning the
Ga content in these NWs, XRF and HRTEM-EDX results are
in remarkably good qualitative agreement. Both techniques
corroborate the existence of an almost pure InN core in
each NW, which is also in agreement with the IR peak
appearing in the PL spectrum of this sample (see figure 1).
Furthermore, Cg‘ae“ decreases consistently from the bottom
to the top of the NW. The quantification of Cg‘;“ deviates
from one technique to the other and HRTEM-EDX values
tend to be overestimated. This last technique presents larger
experimental errors, particularly close to the NW shell due
to the low count statistics. Nevertheless, the large quantitative
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Figure 5. (a) Cross-section of a cylindrical NW with a sharp
core—shell structure. An InyGaj_,N shell of thickness # and Ga

content Cg}haen wraps the central core of radius Rc and CG)°. The
shadowed zone represents the area excited by the electron or x-ray
beam with a Gaussian intensity profile in HRTEM-EDX and XRF
experiments, respectively. (b) Variation of the Ga content deduced
from the HRTEM-EDX scans along the B, C and T cross-sectional
lines shown in figure 4(a) together with the best fit (dashed lines)
obtained assuming a sharp core—shell NW. (c) Variation of the Ga
content measured along the A axial line-scan of figure 4(a) and
predicted by the sharp core—shell model (dashed line) due to the

reduction of ¢ and Cé‘fu with height, as shown in the scheme of the
longitudinal section.

disagreement observed in the experimental Ga content profiles
between figures 5(b) and 6 can be now partly understood as
a consequence of the difference between the probed volumes
in XRF and HRTEM-EDX experiments and the existence of
a shell richer in Ga.

The existence of a core—shell alloy distribution should also
be taken into account in the analysis of the RRS experimental
results, as this can generate strain fields in the NWs which
introduce additional phonon frequency shifts. A survey of
HRTEM micrographs of these NWs shows a low density of
structural defects in most of the NW volume and, in particular,
in the regions close to the NW lateral surface where the
transition between the core and the shell should take place.
Therefore, it is reasonable to assume that both regions should
be lattice matched and, due to the variation of the lattice
parameters with alloy composition, strain fields should be
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Figure 6. Ga content deduced from the XRF measurements along
cross-sections B, C and T. Dotted lines show the theoretical fitting
of the experimental data to the sharp core—shell NW model
convoluted with a 22.5 nm wide Gaussian.

present both in the Ga-richer NW shell and the In-rich core.
In the following, the effects of composition and strain fields
in the phonon frequencies of core—shell In,Ga;_,N NWs are
studied theoretically.

As a first step, the strain distribution induced in wurtzite
core—shell NWs by the mismatch between the core and the
shell lattice constants is calculated. The model equations to
be solved are set out within the framework of the continuum
elasticity theory by incorporating the lattice mismatch strain
as an initial strain within the core region, and obtaining
the resulting strain distribution by the Eshelby inclusion
method [36]. Direct simulation of the fully three-dimensional
problem is quite time consuming computationally. However,
if the wire length is much larger than its width, an approximate
two-dimensional solution is possible, which will be very
accurate in the NW section far from the ends. This so-called
generalized plane strain solution depends only on the planar
coordinates of the transverse cross-section of the NW (y1, y»2),
and exhibits only four strain components: €11, €22, €12, and
£33 [37]. The two-dimensional strain distribution for a core—
shell NW of hexagonal section is finally calculated by the
finite element method with the COMSOL MULTIPHYSICS
software [38]. The lattice parameters and elastic constants for
the alloys are obtained by applying Vegard’s law to those of the
binary materials [39]. The strain-induced frequency shift for a
phonon X is given by Aw; = a, (€11 + €22) + bye33, where a;,
and b;, are the phonon deformation potentials [40].

The frequencies of the Aj(LO) phonon for the core and
the shell alloys with and without taking into account the strain
fields in the NW are shown in figure 7 along the NW radius.
The parameters of the theoretical model are set according
to the results obtained by XRF and HRTEM-EDX and are
summarized in table 2: t = 10 nm, R. =50 nm, Cg* = 4%,
and C gf“ = 30%. For these conditions, the NW core is mostly
compressed and the shell presents a tensile strain. Such strain
fields cause a nearly constant 7 cm™! phonon blue-shift in the
core region and a variation between —15 and —5 cm™! for the
shell of the NW. The strain-corrected theoretical predictions
compare very well with the two contributions, centered at
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Figure 7. Calculated frequency of the A1(LO) phonon along the
diameter of a core—shell NW with (solid line) and without (dashed
line) the inclusion of strain corrections. The characteristics of the
core—shell NW are C' = 4%, Re = 50 nm, Cé‘;“ =30% and

t =10 nm.

597 and 625 cm™!, of the quasi-LO Raman band observed in
figure 2(b) for a 785 nm excitation wavelength. Since this laser
line is far from the bandgap of 4% and 30% Ga-rich alloys, the
intensity of the peaks should be proportional to excited volume.
Therefore the two peaks can be attributed to the In-rich core
and to the Ga-richer In,Ga;_,N thinner shell, respectively.
Decreasing the excitation wavelength below 647 nm leads to
the third spectral component in the range of 650-680 cm™!
which corresponds to regions with 50-60% Ga content with
no strain correction. Such a high Ga concentration could
only correspond to the Ga-richest NW base and is consistent
with the sharp peak in the HRTEM-EDX axial line-scan of
figure 5(c). This shows how the selectivity of RRS does not
rely on its spatial resolution, as the laser spot exceeds by
far the NW dimensions, but on the spectral resolution of the
resonant scattering. Thus tuning the energy of the excitation
to match resonant conditions, RRS provides information from
very small regions which are hard to probe by other methods.

The results from the three complementary techniques
are consistent with the existence of a core—shell structure
and a decrease in the shell thickness from the base to the
top in each In,Ga;_ N NW. Both trends are common to
almost all the samples investigated, independently of the
growth conditions (sample G869 has a shell of nearly constant
thickness). The average Ga compositions obtained from XRF
and HRTEM-EDX in the core and shell regions at a central
cross-section are summarized in table 3. All the investigated
NWs present values for C&® much lower than the Ga supply.
Alloy concentrations comparable to cg, have been found in the
NW thin shells wrapping the In-rich cores. The comparison of
samples G682 and G692 shows how the growth temperature,
despite being critical for the NW size and density, has an
imperceptible effect on the alloy distribution.

The findings of this study can throw light on the interplay
between the main mechanisms intervening in the catalyst-
free MBE growth of In,Ga;_,N NWs: direct impingement,
diffusion and desorption for both In and Ga atoms. While the
ratio of direct impingement on the top and lateral NW surfaces
is determined by the geometry of the MBE chamber only [41],
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Table 3. Ga contents, C&;° and Cg;e“, and core and shell
thicknesses, R and ¢, deduced from the fitting of HRTEM-EDX
and XRF experimental line-scans (left/right, respectively) for single
NWs from the different samples. The results correspond to the
cross-section at the central height C of the NWs. Values for 7 are
obtained from the fitting of the HRTEM—-EDX line-scans only. The
reduced dimensions of NWs labeled G710B were beyond the spatial
resolution of XRF, thus the results presented correspond to the
average Ga content of the core and shell regions.

Sample  C&® (%)  Cdell (%) R (m) ¢ (nm)
G869 0/2 18/4 30/80 7
G682 2/10 35/25 28/30 4
G692 1/4 35120 50/70 8
G710A  4/17 35/24 100/80 17
G710B  0/28 40/28 14/20 4

sticking and diffusion coefficients on different crystal planes
are very sensitive to the growth temperature [42]. The substrate
temperatures of the present NWs are far below 620 °C, which
sets the lowest limit for GaN diffusion-induced self-organized
NW growth on Si. Therefore Ga atoms should have a very
limited diffusion on the substrate and on all facets of the
NWs during the growth process, whereas notable diffusion
of In atoms can be assumed. Then, the vertical growth of
the NWs proceeds with the In and Ga atoms from direct
impingement on the top surface and In atoms that diffuse
to the top of the NW. For cell ports mounted at 30° with
respect to the normal direction, the average metal flux on
the top surface is five to six times higher than that on the
sidewalls [41]. However, tables 2 and 3 report a significant
difference between the relative Ga content measured in most
of the NW volume and the metal supply, which can only be
interpreted as a signature of the dominant role of In diffusion in
the NW growth. Differences in the diffusion and desorption of
Ga and In atoms can also explain the spontaneous formation of
the Ga-richer shell. After impinging on the sidewalls, In atoms
can either diffuse towards the top of the NW or get desorbed,
whereas Ga atoms are expected to incorporate there, as their
diffusion and desorption are highly suppressed. Therefore, the
NWs should grow laterally at a much lower growth rate due to
the accumulation of Ga atoms.

5. Conclusions

In conclusion, x-ray fluorescence, energy-dispersive x-ray
spectroscopy and resonant Raman scattering have been em-
ployed to study In-rich In,Ga;_ N NWs grown by MBE. The
combination of the three techniques results in a reliable picture
of the alloy composition within each NW and reveals the
existence of a core—shell alloy distribution. Following a careful
analysis of the spatial resolution and chemical sensitivity of
each technique, the alloy concentration, the dimensions and
the strain components of the core and shell regions within
single NWs have been provided. The spontaneous formation
of a core—shell structure supports the idea of NW growth being
dominated by the diffusion of In and suggests new strategies
for achieving high quality non-polar heterostructures.
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