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Submicron beam synchrotron-based X-ray diffraction (XRD) techniques have been developed and used to ac-
curately and nondestructively map chemical composition and material quality of selectively grown group
III-nitride nanowires. GaN, AlGaN, and InGaN multi-quantum-well nanowires have been selectively grown
on lattice matched andmismatched substrates, and the challenges associated with obtaining and interpreting
submicron beam XRD results are addressed and solved. Nanoscale cathodoluminescence is used to examine
exciton behavior, and energy-dispersive X-ray spectroscopy is used to verify chemical composition. Scanning
transmission electron microscopy is later used to paint a more complete picture. The advantages of submi-
cron beam XRD over other techniques are discussed in the context of this challenging material system.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanoheteroepitaxy is a promising approach for integration of dis-
similar materials that have complementary electrical and optical
properties [1–3]. This technique is especially important for GaN and
other group III-nitride based structures that in the thin-film form
tend to suffer from high density of treading dislocations due to the
large lattice and thermal mismatch with conventional substrates,
such as sapphire and SiC.

At the same time, enhanced confinement and temperature stability of
the threshold current have attracted attention to 1- and 2-dimensional
group III-nitride structures for use in high-speed nano high electronmo-
bility transistors, high density data storage devices, blue light-emitting
diodes, nanofluidic biochemical sensors, and quantum dot lasers [4].
rights reserved.
Also, quantum well structures grown on semi-polar planes have shown
reduced piezolectric effects that could otherwise reduce the lumines-
cence efficiency [5,6].

Progress in this emerging field of nanotechnology depends heavily
on utilization of advanced material characterization tools, such as syn-
chrotron radiation high resolution sub-micron beam X-ray diffraction
(XRD) [7–10], which has been recently applied to various material
systems and device structures, demonstrating the capability tomeasure
strain relaxation at the sidewalls of micron-wide waveguide ridges [7]
and to reveal details of inter- and intrafacet surface migration [8]. Cur-
rently, there is substantial interest in knowing the variation of structural
properties on the nano scale that is being satisfied by combining nonde-
structive techniques such as high-resolution XRD and reciprocal space
mapping, with real-space mapping on the nanoscale [8,9]. In this
paper, problems related to using X-ray diffraction on nanoscale group
III nitrides grown by nano selective area growth (NSAG) are addressed,
and results are presented for InGaN/GaN multi-quantum-well (MQW)
nanoridges, AlGaN/GaN nanoridges, and overgrown GaN-on-AlN
nanoridges.
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2. Experimental details

2.1. Apparatus and measurements

Submicron beam X-ray diffraction was performed using 10.4 keV
synchrotron-based light at the 2-ID-D beamline of the Advanced Photon
Source at Argonne National Labs. Our complete setup is shown in Fig. 1.
A zone-plate focused the ~100 mA beam to a spot size of around
240 nm. An order sorting aperture blocked higher order foci from
reaching the sample. The focusing of the X-ray radiation resulted in a
photon momentum spread of around 180 arc sec, which limited our
angular resolution in the ω and χ angles. We opted to measure around
the (0 0 . 4) and (1 0 . 5) reflections of our samples because these re-
gions of reciprocal space provide good intensity and a high Bragg
angle θB, which serves to minimize the footprint of the beam on the
sample surface, which varies as 1/sinθB.

To collect diffracted photons, we used either a single channel de-
tector equipped with a slit or a CCD detector, switching between
them depending on the needs of each particular measurement. The
CCD detector's inter-pixel distance corresponded to about 8 arc sec.
This, combined with our photon momentum spread, resulted in a
strain accuracy of ±0.0003 at our chosen reflection orders. Detectors
were mounted on the 2θ arm of a goniometer. An XYZ sample stage
that provided lateral sample positioning with 50 nm precision was
mounted near the center of the goniometer.

During all experiments, a fluorescence detector was used to mea-
sure Ga-K, In-L, and Fe-K fluorescence to help us monitor our location
on the sample.

Due to the small scale of our structures, special carewas taken to align
the sample surface directly with the axis of θ rotation. This step was
crucial to our spatial resolution, as it prevented the beam fromwandering
the sample surface during rocking experiments. It is a step often
overlooked in sub-micron beam XRD and is explained in more detail in
Ref. [11].

Room-temperature CL measurements were carried out using a Zeiss
Supra 55VP digital scanning electronmicroscope. Emissionwas gathered
by a parabolic mirror collector to be analyzed by a Horiba JobinYvon
iHR320 spectrometer, providing a spectral resolution of 0.06 nm.
Samples were prepared for scanning transmission electron microscopy
(STEM) and cross-sectional energy-dispersive X-ray spectroscopy
(EDX) by using focused ion beam thinning and ion milling. In a clean
room (ex situ), a 50 nm-thick layer of carbon, followed by a 100 nm
layer of Si3N4, was applied to the sample surface from a platinum mask
used to define the shape of the milling lamina. Then, using Ga+ ions,
the sample is cut to cross-sections around 100 nm thick. Previous exper-
iments have shown that incidental implantation of gallium does not
change the final composition by more than the precision of EDX. STEM
images and EDX measurements were performed in an aberration-
Fig. 1. Our setup at the 2-ID-D beamline of the Advanced Photon Source in Argonne
National Labs. The semi-transparent blue represents the 10.4 keV beam.
corrected JEOL 2200FS microscope operating at 200 kV with a probe
current and probe full width at half maximum of 150 pA and 0.12 nm,
respectively. Scanning electron microscopy (SEM) measurements were
performed on a Zeiss Supra 55VP operating in secondary electron
imaging mode with an accelerating voltage of 15 kV and a working dis-
tance of 10 mm.

2.2. Samples

Group III-nitride nanowires were grown by NSAG in a metal organic
vapor phase epitaxy (MOVPE) T-shape reactor as follows [12]: first,
chemical vapor deposition was used to deposit a 140 nm layer of SiO2

on (0001)-oriented GaN-on-Al2O3 and AlN-on-Al203 templates. Reac-
tive ion etching was then used to create 10×10 μm2 dielectric masks
in a field of bare template. Then, electron-beam lithography was used
to pattern multiple nano-stripe-shaped windows through the mask.
Thesewindows are 120 nmwide and 7.6 μmlong and are each oriented
in one of two (b1–1 0 0> or b1 1–2 0>) crystallographic directions. The
bare template exposed through these windows allowed them to act as
nucleation sites for subsequent MOVPE growth of group III-nitride
nanowires. This growth was carried out in ambient nitrogen, using
trimethylindium, trimethylgallium, trimethylaluminum, and ammonia
as sources of indium, gallium, aluminum, and nitrogen respectively.
Low-growth-rate conditions at this stage help achieve high selectivity
and crystalline quality.

Three NSAG samples were grown for this study. The first one is
GaN, grown using an AlN-on-Al2O3 template. GaN was grown in
60 kPa of ambient nitrogen at 1000°. The second one is AlGaN
grown on a GaN-on-Al2O3 template at 13.3 kPa and 1000°°C. The
third sample is an InGaN/GaN MQW structure grown at 13.3 kPa
and 1000 °C by switching on and off the presence of trimethylindium
to create InGaN quantum wells that are a few nanometers thick.

All samples used were imprinted with a large grid of markers, ei-
ther SiO2 or Fe. these markers were around 4 μm wide and 1 mm
long, making them easy to find by scanning for Fe-K fluorescence
or drops in Ga-L or In-L fluorescence. The sample was mapped so
that we know the locations of the 10×10 μm2 dielectric masks rela-
tive to the marker grid pattern.

3. Calculations

Traditionally, X-ray diffraction signals are expected to be slightly offset
and corrected for by using an angularly proximate reference signal such as
the diffraction peaks from the substrate. However, in diffraction of mate-
rial systemswhere the substrate signal is extremely far from the signal of
interest, this method is not practical. Tiny misalignments in sample
mounting cause the reciprocal space of the sample to rotate unpredictably
relative to the goniometer. This can be accounted by using two reference
signals to deduce the parameters of that rotation [11].

If diffracted signal is collected using a CCD detector, then
misalignment between the detector and the goniometer needs to be
accounted for before any data is taken, including reference signal
data mentioned above. This misalignment has 6° of freedom and the
method of correcting for it can be found in [11].

3D reciprocal space mapping was performed using CCD images
taken atmultiple values ofω. First, we use our deduced CCD parameters
andmisalignments (L,α,β,γ) to assign pixel positions (Δxp,Δyp) to angle
space offsets from the goniometer position [11]

Δ2θ ¼ arcsin
Δy2θ⋅ cosαffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Δy22θ þ 2LΔy2θ⋅ sinα
q

0
B@

1
CA

Δχ ¼ arcsin
Δxχ⋅ cosβffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ Δx2χ þ 2LΔxχ⋅ sinβ
q

0
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where

Δxχ
Δy2θ

� �
¼ cos −γð Þ − sin −γð Þ

sin −γð Þ cos −γð Þ
� �

Δxp
Δyp

� �
:

Once we have signal in 3D angular space (ω,2θ,χ), we can transform
into reciprocal lattice space using conventional equations: qx=(2/λ)·
sin(2θ/2)·cos(ω−2θ/2)·sinχ; qy=(2/λ)·sin(2θ/2)·sin(ω−2θ/2);
qz=(2/λ)·sin(2θ/2)·cos(ω−2θ/2)·cosχ.

To then obtain chemical composition from this lattice information,
we used the method put forth by Schuster et al. in Reference [13],
using low-pressure elastic constants reported in Reference [14].

4. Results

4.1. InGaN/GaN MQW nanowires

An SEM image in Fig. 2a shows the layout of the sample, and a red
circle indicates the region wheremeasurements were performed to ob-
tain results shown in Fig. 2b, c, e, and f. Fig. 2b shows a cross sectional
STEM where the MQW structure is clearly shown, and Fig. 2c shows a
zoomed-in portion of theMQWstructurewhere indium-richnanowires
have formed. Indium incorporation values denoted on the image were
obtained through destructive cross-sectional EDX.

Fig. 2e and f shows CL and XRD results respectively, both of which
were obtained from the region denoted in Fig. 2a prior to sacrificing
the sample. With proper choice of bowing parameter (1.4 eV), the
CL results would roughly correspond to an indium incorporation of
about 10%, corroborating our XRD and EDX results. In the general
case, however, there are quantum effects due to the MQW structure
which strongly influence exciton transitions. The XRD results lead
one directly and certainly to the correct indium incorporation. Asym-
metric XRD measurements (not shown) indicate completely pseudo-
morphic growth in the MQW structure, as expected for this system.
Fig. 2. a) SEM image taken of the 10×10 μm2 mask region in the InGaN/GaN MQW nanowire
where data was taken for b, c, e, and f. b) Bright field STEM image of the central ridge showi
area shown in subpanel bwith labels indicating EDX chemical analysis results,measuring indium
intensity taken by scanning across the 10 μmmask region in the direction perpendicular to the
to the SEM image in subpanel a above. e) CL spectrum taken at the central ridge. f) XRD θ–2θ
signal.
Fig. 2d shows a spatial In0.06Ga0.94N diffraction scan over the span
of the 10 μm mask. The spatial axis can be related directly to the SEM
layout in Fig. 2a (which is why the two are positioned this way rela-
tive to each other). The field and individual nanoridges can be clearly
discerned, and in fact the diffraction pattern is extremely uniform
across the different ridges (differences in intensity can be shown to
arise from beats due to sampling frequency.), indicating a very uni-
form crystallographic orientation of the different ridges.
4.2. AlGaN nanoridges

An SEM image in Fig. 3a shows the layout of the sample, with a red
circle indicating the region where the 2D reciprocal space map in
Fig. 3b was measured, and a blue circle indicating the region where
the 3D reciprocal space map in Fig. 3d was measured. The latter in-
cludes lattice data from 3 distinct ridges.

Fig. 3c is a collection of (1 0 . 5) diffraction scans taken at regularly
spaced positions across the 10 μm mask width. As with Fig. 2d, the
lateral axis correlates quite accurately with the SEM layout above it
(Fig. 3a), and it's clear which ridges are responsible for which signals
(The strong red ‘band’ is due to the GaN template under the SiO2

mask). The y axes have been converted from angle space into lattice pa-
rameter (left) and aluminum incorporation (right). “Missing” signals in-
dicate a nonuniformity in lattice orientation across the different ridges.
4.3. GaN ridges on AlN template

Two GaN nanoridges were overgrown until they began to coa-
lesce. The entire 2-ridge structure is about 1.5 μm wide and 9 μm
long. Our beam was moved laterally across the two ridges at the
Bragg conditions for (0 0 . 4) while our CCD detector collected diffrac-
tion signal images. Multiple secondary signals were noted, which
moved in χ as we scan across the ridge structure. A summary of the
sample, showing the layout of the nanoridges. The red circle indicates the “central ridge”
ng the MQW structure. c) Close up of a high angle annular dark field STEM image of the
concentrations. Two indium-rich nanowires are indicated by “10% Inwire.” d)Diffraction

nanoridges at Bragg conditions optimized for In0.06Ga0.94N. The X axis corresponds exactly
scan performed on the central ridge, clearly showing the two InGaN signals and the GaN

image of Fig.�2


Fig. 3. a) SEM image taken of the 10×10 μm2 mask region in the AlGaN nanoridge sample, showing the layout of the nanoridges. The red circle indicates the location where the data
was taken for b and the blue circle indicates the location where the data was taken for d. b) 2D reciprocal space map of the (1 0 . 5) reflection, taken at the location denoted by the
red circle in subpanel a. c) X-scan of diffracted intensity measured with a single channel detector for the (0 0 . 6) reflection across the center of the 10×10 μm2 mask area in the
direction perpendicular to the nanoridges. The Y axes are lattice parameter (left) and aluminum incorporation (right). Aluminum composition %s corresponding to some signals are
noted. d) 3D reciprocal space map of 3 different ridges, represented by a 75% isointensity surface. The central signal is strongest because it originates from the ridge under the strongest
central part of our X-ray beam, which was centered at the position denoted by the blue circle in subpanel a.
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data is shown in Fig. 4a, along with a diagram of a planar configura-
tion which would be responsible for such an effect.

Fig. 4b shows CL data taken at 18 different positions across the
same 2-ridge structure. The spatial axis corresponds roughly with
the diagram in Fig. 4a. The signal is GaN luminescence (~365 nm)
and the intensity can be seen to vary with position. The signal is
weakest at the crests of the ridges, where XRD results in Fig. 4a indi-
cate planar discontinuity, and is strongest at the sidewalls. The signal
then becomes weaker as the ridge thickness becomes less than the
penetration depth of the exciting beam.

5. Discussion

5.1. Chemical composition

X-ray diffraction data was used to determine chemical composi-
tion in the InGaN/GaN MQW and AlGaN samples. In the InGaN/GaN
MQW nanowire sample, 4 different methods were used to see inside
the sample at a particular position (denoted by the red circle in
Fig. 2a). While the information afforded by destructive methods
such as STEM and cross-sectional EDX (Fig. 2b and c, respectively)
can be extremely valuable, research samples such as these are expen-
sive to produce and sacrifice is not always desirable, especially when
the structures have-been contacted or incorporated into a monolithic
device.

CL results (Fig. 2e) gave good information about the exciton be-
havior in the MQW structure, but to obtain the chemical composition
from the CL exciton peak requires additional and often uncertain in-
formation about the specific material and MQW structure, such as
confinement, strain effects, and bowing parameters. In contrast, the
X-ray diffraction data in Fig. 2f, along with elastic constants deter-
mined by our growth conditions, gives complete chemical data,
which was correlated by the destructive EDX measurement. X-ray
diffraction was also used to ensure that the indium-rich nanowire
existed throughout the length of the ridge, which would have been
difficult to confirm using cross-sectional methods.

For the AlGaN sample, X-ray diffraction was used to create a com-
plete chemical map of the ridge region (Fig. 3c). Diffraction condi-
tions were optimized for the center nanoridge, and nanoridge
locations where the signal appears to be missing denote growth
where the crystallographic orientation is different enough that these
diffraction conditions don't produce noticeable signal. This data was
left “missing” to emphasize the orientation information (discussed
below), but the diffraction conditions were later optimized for each
ridge to provide complete chemical data (not shown).

5.2. Crystallographic orientation

The diffraction data on the InGaN/GaN MQW sample in Fig. 2d
showed us that the lattice orientation was extremely uniform across
the ridges, indicating that our growth conditions here would be ex-
cellent for coalescence by overgrowth.

The orientation data for the AlGaN sample was also informative.
Fig. 3b shows that our AlGaN lattice was elastically strained on top of
the GaN template, indicating an extremely high quality AlGaN/GaN in-
terface. This makes our growth conditions promising for AlGaN/GaN
nanoHEMT applications, and we managed to evaluate them without
contacting or destructivemethods. Fig. 3d used 3-dimentional reciprocal
space mapping to compare data for three different ridges in one space.
The figure clearly shows complete reciprocal space data for 3 different
signals, similar in quality, but separated in crystallographic orientation.
These growth conditionswould not lend themselveswell to coalescence.

The planar orientation data for the GaN-on-AlN sample was also
very interesting, and raises certain questions about the mechanisms
of growth and coalescence. The very strong 0-tilt signal indicates a
presence of flat, high quality GaN, but the signals displaced in χ reveal

image of Fig.�3


Fig. 4. a) Diffraction signal χ distribution for different positions across the 2-ridge structure
in our GaN-on-AlN sample. The horizontal axis corresponds approximately to the χ angle
and the vertical axis corresponds approximately to the 2θ angle. (i), (ii), and (iii) denote
CCD signal images for selected locations, and the Arabic numbering (1)–(5) shows which
signals arise from which planar orientations. b) 18 CL spectra, taken at different positions
across the 2-ridge structure. The dotted line represents the ridge structure profile to make
it easier to read.
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the presence of other crystallographic orientations inside our 2-ridge
structure. The overall pattern indicates that planes laterally far from
the nucleation site bend slightly to relieve strain, but the bending is
much less at the sites of coalescence, indicating that this effect likely
arises from the final cooling phase of the growth process.

6. Conclusions

Sub-micron beamX-ray diffractionwas used on a variety of nanoscale
group III-nitride samples and was shown to have unique advantages in
discerning chemical composition and planar orientation on the nano
scale. Chemical composition could be determined directly and without
interference by other effects, and planar orientation could be easily and
thoroughly studied. Additionally, the small size of our beam spot made
direct spatial mapping of nanostructure properties possible. All of this
was done without destroying the valuable and expensive-to-produce
samples.

The high intensity and small beam footprint makes this a useful
technique for any situation where one would like to study the lattice
of specific nanostructures, rather than having to illuminate many
structures at once for want of signal or spatial precision. The tech-
nique is not without limitations, however. Immense beam intensity
is required to obtain adequate signal from tiny structures, necessitat-
ing a synchrotron-based light source, which not all research groups
have access to. Additionally, X-ray diffraction measurements are
very sensitive to incident photon angle, and the focusing necessarily
creates a “momentum spread” which will decrease our angular reso-
lution. All things equal, a smaller beam footprint means more dramat-
ic beam convergence, the effect being that there will always be a
trade-off between angular and spatial resolution.
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