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Nanofocus x-ray diffraction is used to investigate the structure and local strain field of an isolated
(In, Ga)N/GaN core-shell microrod. Because the high spatial resolution of the x-ray beam is only
80 x 90 nm?2, we are able to investigate several distinct volumes on one individual side facet. Here, we find a
drastic increase in thickness of the outer GaN shell along the rod height. Additionally, we performed high-
angle annular dark-field scanning-transmission-electron-microscopy measurements on several rods from the
same sample showing that (In,Ga)N double-quantum-well and GaN barrier thicknesses also increase
strongly along the height. Moreover, plastic relaxation is observed in the top part of the rod. Based on the
experimentally obtained structural parameters, we simulate the strain-induced deformation using the finite-
element method, which serves as the input for subsequent kinematic scattering simulations. The simulations
reveal a significant increase of elastic in-plane relaxation along the rod height. However, at a certain height,
the occurrence of plastic relaxation yields a decrease of the elastic strain. Because of the experimentally
obtained structural input for the finite-element simulations, we can exclude unknown structural influences
on the strain distribution, and we are able to translate the elastic relaxation into an indium concentration

which increases by a factor of 4 from the bottom to the height where plastic relaxation occurs.
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I. INTRODUCTION

The incorporation of indium atoms into a GaN matrix
offers the possibility of tuning the emitted wavelength
through the full optical spectrum [1-3]. This quality makes
the ternary (In,Ga)N alloy embedded as quantum-well
structures into a GaN matrix interesting for a variety of
optoelectronic applications. To improve and expand existing
group-III-nitride-based semiconductor technologies—which
nowadays are mainly based on planar systems—researchers
have focused their activities on the investigation of low-
dimensional, mesoscopic structures such as quantum dots
and nanowires [4,5]. For example, (In, Ga)N/GaN core-
shell nanowires and rods are discussed as promising candi-
dates for next-generation light-emitting diodes [6—11]. If the
structures are grown not in an axial but in a core-
shell geometry, the optically active area can be significantly
increased compared to planar structures [12,13]. Moreover,
concerning GaN, the growth of (In,Ga)N quantum wells on
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nonpolar m planes is especially interesting because the
optical performance is not influenced by polarization poten-
tials or the quantum-confined Stark effect [14,15]. Hence,
indium content and quantum-well width mainly determine
the band gap.

However, in contrast to planar structures, the structural
analysis and the determination of the chemical composition
of low-dimensional objects requires new characterization
approaches with a focus on spatial resolution, such that
fluctuations in the submicrometer regime can be detected.
An important question to address is the homogeneity within
large ensembles—but also of individual ensemble members
themselves. Here, the analysis focus lies on the structural
quality, e.g., the defects [16], the crystal phases [17-19],
the interface quality, and the overall structural condition of
complicated heterostructure objects [20-23].

A challenging ongoing task remains the determination of
the indium content in low-dimensional (In,Ga)N-based
heterostructures. Here, the situation becomes more compli-
cated due to related phenomena such as indium clustering
and segregation [24-26]. As these objects are truly three
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dimensional, tomographic investigations have also been
pursued [27], and, obviously, the analysis of the strain field,
which is often more complex than in the planar case, is an
important task [28—30] not only because the strain might be
used to directly engineer the band gap [31,32].

Compared to other methods, nanofocus x-ray diffraction
becomes an increasingly popular approach to investigate
local strain fields in low-dimensional heterostructure
semiconductors [33-37]. Owing to the focus sizes in the
submicrometer range, nanofocus x-ray diffraction proves to
be an ideal method for analyzing pm-sized and smaller
structures in terms of strain and structure [38-41]. For
example, using scanning x-ray—diffraction microscopy, full
strain maps under a certain Bragg condition can be obtained
forindividual rods [42] or arrays [43]. The high sensitivity of
the x-ray beam with respect to the strain allows us to draw
instructive conclusions about the structural and chemical
constitution. This information can then be used to under-
stand and improve the sample fabrication and performance.

This paper is organized as follows. In Sec. II, we describe
the growth process of the core-shell (In, Ga)N/GaN rods
and the focused-ion-beam sample preparation. Section III
introduces the experiments performed for analyzing the
structural constitution and chemical composition with spa-
tial resolution. Therefore, we perform nanofocus x-ray—
diffraction experiments complemented by nanofocus x-ray
reflectivity, as described in Sec. III A. We interpret the
results by comparing the experimental data to kinematic
scattering simulations based on finite-element simulations of
the strain-induced deformation field. Furthermore, results
from scanning-transmission-electron-microscopy measure-
ments which are performed on a series of rods from the very
same sample are shown in Sec. III B. Finally, we summarize
the paper in Sec. IV.

II. SAMPLE GROWTH AND FOCUSED-ION-BEAM
SAMPLE PREPARATION

The (In, Ga)N/GaN core-shell microrods comprise an
n-doped GaN core surrounded by two 5-nm-thick (In,Ga)N
quantum wells (QWs) with an intended indium incorpo-
ration of about 30%. In between the double quantum well
(DQW), a GaN barrier of 5 nm is grown. A p-doped GaN
shell of 100 nm surrounds the DQW. The rods are grown by
selective-area metalorganic vapor phase epitaxy in a close-
coupled showerhead reactor under the continuous growth
mode. The template consists of a 30-nm-thick SiO, mask
on a GaN buffer layer on [0001]-oriented sapphire (Al,O3).
Holes in the dielectric mask are produced by photolithog-
raphy and reactive-ion etching by inductively coupled
plasma. These holes have diameters of 800 nm defining
the width of the GaN core and are arranged in a hexagonal
pattern with a pitch of 2.4 ym determining the rod
distribution as shown in Fig. 1(a). The template is heated
up in the reactor under N, carrier gas before a short growth
step under a high V/III ratio of 1000 and under H, carrier

FIG. 1. (a) Scanning electron micrograph of the as-grown
(In, Ga)N/GaN core-shell microrods. Before focused-ion-beam
preparation, the rods are embedded in polymer glue. To isolate a
lamella, trenches are cut as shown in (b). (c) Finally, the isolated
rod is mounted on a Cu grid. (d) The Ga K-a; fluorescence is
shown on a map recorded by scanning the nanofocus x-ray beam
over the sample. On top of the glue (about 2 xm above the rod) a
Ga droplet resulting from focused-ion-beam preparation can be
observed. The white scale bar refers to a length of 5 ym.

gas is performed to start the growth of the GaN cores in the
hole openings. Subsequently, the 3D-growth step of the
microrods is carried out under a low V/III ratio of 77 and a
SiH,; flow of 37 nmol/min for an n-type doping and an
increased vertical growth rate [44,45]. The temperature
during this 20-min-long step is held at 1060 °C. The shell
growth steps are all conducted at a high V/III ratio again:
starting with a low- and high-temperature GaN spacer layer,
continuing with two QWs embedded in a GaN barrier, and
terminating with several Mg-doped GaN layers for p-type
doping. The QWs are grown at a real temperature of 690 °C.
An in situ annealing is performed for 10 min at 770 °C after
the growth in order to activate the Mg dopants.

Using a focused Ga™ ion beam (FIB), we extracted a single
rod from the sample. To protect the rod from Ga implantation,
the sample is embedded in epoxy glue diluted with acetone
to reduce the viscosity. With a carbon depot on top, the
conductivity is increased such that the charging of the sample
is alleviated. In a first step, trenches are cut next to the lamella,
as seen in the scanning electron micrograph (SEM) shown in
Fig. 1(b). With a manipulator needle, the lamella containing
several rods is lifted out and mounted on a copper grid
commonly used for transmission-electron-microscopy experi-
ments. In a series of fine-polishing steps, the investigated rod
shown in Fig. 1(c) is isolated and cleaned from redeposited
GaN crystallites [46]. The FIB preparation ensures that the
detected x-ray scattering stems only from the single object and
that it is not superimposed by potential neighbors.

III. EXPERIMENTS AND DISCUSSION

A. X-ray diffraction with sub-100-nm spatial resolution

To investigate the local strain field in nanometer-sized
structures—as, here, the (In,Ga)N DQW-—one usually
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relies on highly specialized nanofocus x-ray—diffraction
setups available at third-generation synchrotrons. The pre-
sented data are recorded at the nanoprobe beamline P06 at
PETRAIII at DESY in Hamburg, Germany [47], where a
focus size of 80 x 90 nm? is reached using nanofocusing
refractive x-ray lenses [48,49]. With an additional prefocus-
ing lens, a photon flux of about 10° photons/sec is
generated at a photon energy of 17 keV. All x-ray data
are recorded using a Pilatus 300K 2D-area detector. In a first
step, we used an optical microscope to align the sample in
the focus point of the x-ray beam which we found via a
ptychographic reconstruction of a Siemens star. For a more
accurate positioning of the beam on the rod facet, we employ
x-ray fluorescence. A Ga K-a; fluorescence map of the rod is
shown in Fig. 1(d). Owing to the fact that the outer facet is
not perpendicular to the substrate but rather is inclined, we
have to realign the sample with respect to the x-ray beam for
each position individually.

We measure the in-plane strain field normal to the
m-plane facet which is the hexagonal (1100) direction
using nanofocus x-ray diffraction. The measurements are
performed at four positions on one individual facet of the
isolated rod, as sketched in Figs. 2(a)-2(d). The distance
between the positions is about 1 ym. All data shown in the
following are labeled accordingly such that they can be
directly identified with these four heights. At these posi-
tions, we perform rocking curves over 4° around the GaN
(1100) Bragg reflection with an angular resolution of 0.01°.
For each scan series, we chose a region of interest around
the Bragg reflection on the detector frame and integrated
over approximately 0.001 A~" in the vertical direction.
Based on these line scans, we are able to reconstruct a 2D
slice in reciprocal space which is defined by the scattering
plane and the facet normal. At each height, the scans are
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FIG. 2. Sketch of the applied diffraction geometry. To inves-
tigate the strain field normal to the m-plane facet, the hexagonal
(1100) reflection is measured. The diffraction plane lies parallel
to the substrate surface and is spanned by the incoming beam k;
and the diffracted beam Kk, defining the scattering vector
q = k; — k;. The measurements are performed at four heights,
labeled (a), (b), (c), and (d). These position labels are referred to
in the following presented data.

repeated at several horizontal positions to ensure that we
have actually hit a position directly on the facet.

Figure 3 shows the diffusely scattered x-ray—diffraction
intensity in reciprocal space around the GaN (1100) reflec-
tion. In the radial direction (g,,4), the (1100) reflection is
sensitive to the in-plane strain normal to the m-plane facet.
Hence, it directly measures the in-plane deformation of the
{1100} lattice planes induced by the lattice mismatch
between the (In,Ga)N DQW and the surrounding GaN matrix.
Moreover, the diffraction profile along ¢, offers a way to
quantify the indium content incorporated in the DQW.

In the angular direction (g,p,), the reflection is sensitive
to the hexagonal rod geometry. The rod’s shape function
shows a six-armed star and, along each of the six crystal
truncation rods (CTRs), oscillations are visible containing
direct information about the structural constitution of the
illuminated volume. The fact that up to nine oscillations are
visible, e.g., in Fig. 3(a), originates from the high crystal
quality of the illuminated volume together with the small
focus of the x-ray beam corresponding to the averaged
information of a comparatively small volume. Such details
can be resolved in ensemble measurements only if all of the
scattering objects are perfectly identical [50].
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FIG. 3. Reciprocal space maps of the diffusely scattered
logarithmic intensity around the GaN (1100) reflection. The
maps are recorded at four positions (a) to (d) on one individual
facet, as sketched in Fig. 2. Along the angular direction, the shape
function of the rod is visible in the form of a six-armed star. The
crystal truncation rods are modulated by the shape function
related to the structural constitution of the illuminated volume.
The radial direction is sensitive to the strain induced by the two
(In,Ga)N quantum wells.
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Figures 3(a)-3(d) correspond to the rod heights sketched
in Fig. 2. Obviously, the shape functions for all four heights
look very different, indicating a strong structural inhomo-
geneity along the height of the investigated facet. For
example, it is obvious that the periodicity along the CTRs
increases with an increasing height on the rod. These Kiessig
fringes are the Fourier transform of the shell sequence in the
facet. In fact, the retrieved thickness values (dg,o = 27/ Aq)
show that these fringes are related to the thickness of the outer
GaN shell surrounding the DQW. Interestingly, we find an
increase in thickness towards the tip by a factor of 3.
Moreover, Fig. 3(d) shows larger oscillations modulating
the CTRs which refer to a thickness of about 16 nm. A
comparison to scanning-transmission-electron-microscopy
(STEM) measurements presented in Fig. 7 indicates that
these oscillations are related to the GaN barrier. All structural
parameters retrieved from x-ray—diffraction experiments are
shown in blue in Table I and serve as structural input for
subsequent finite-element method (FEM) simulations.

Based on the structural parameters shown in Table I, we
simulate the strain-induced linear-elastic deformation inher-
ent to the rod for positions (a)-(d) employing the FEM as
implemented in the commercial software package MARC
MENTAT®. The values for the DQW and GaN barrier
thicknesses for models (a), (b), and (c) are geared to the
STEM measurements given in Fig. 7. As these values are in
the range of only a few nanometers, they result in com-
paratively large oscillations along the CTRs in x-ray—
diffraction patterns. Because of the applied scan range, it

TABLE 1. Structural parameters and indium content used to
model the deformation field within a finite-element approach.
The parameters in blue are retrieved from nanofocus x-ray
diffraction (XRD). The facet widths written in red are obtained
from x-ray-reflectivity (XRR) experiments (see Fig. 5). The other
structural parameters shown in black are geared to the STEM
measurements presented in Sec. III B. These values are taken at
positions where the identical GaN shell thickness is measured
(see Fig. 2). The indium content is retrieved by fitting the
kinematic scattering simulations to experimental data shown in
Fig. 4. The sketch illustrates the respective structural parameters
and the method by which they are obtained.

FEM simulation parameters

GaNshell _-" ;

(XRV

Position (@ | ()| ()| @

GaN shell (nm) 90 |110(170{270| %
[i4
GaN barrier (nm) 416|6]|16|% GaN
< barrier
(InGa)NQWs(mm)| 4 | 4 | 5| 9 | T —
E inner E
Facet width (nm) 650|700{750{850| & =
@ outer @
L1 (In,Ga)N QW

In content (%) 6 10|22 |18

is not possible to resolve these oscillations in the presented
data (see Fig. 3). Additionally, we implement different facet
widths for all four positions, which are shown in red in
Table I. These values are deduced from the nanofocus x-ray—
reflectivity experiments presented in Fig. 5, which are
performed at the very same heights as sketched in Fig. 2.
For modeling the mechanical properties of the materials, we
use the elastic constants for GaN and InN given in Ref. [51]
and interpolate the ones for the In,Ga;_ N alloy linearly
(where x is the indium content).

The retrieved deformation field induced by DQW, u, is
used to compute the displacement u(r) of the atomic
positions r of the wurtzite GaN crystal. The atomic
coordinates and their displacement enter the subsequent
kinematic scattering simulations which we apply to com-
pute the scattered intensity in reciprocal space around the
GaN (1100) reflection. In order to mimic the situation of
the nanofocus x-ray—diffraction experiment, we append a
Gaussian beam profile to the kinematic sum

~(ric=n)*/26" pig-(ri+u(r)) |2

o) o 30, ’

such that we can define the beam position () and the
FWHM, which is related to the variance via o =
FWHM/21n(2) [41]. Hence, we are able to compute the
scattered intensity / as a function of the scattering vector q
originating from a distinct volume of the rod. Because of
the comparatively small size of the illuminated rod volume,
it is justified to neglect multiple scattering events of a single
photon such that the kinematic plane-wave approach
remains valid [34].

Figure 4 displays line scans along ¢,,4 around the GaN
(1100) reflection. For each height, a simulated line profile
(top panels) based on the FEM and the according exper-
imental scan (bottom panels) extracted from Fig. 3 are
shown. All experimental line profiles look very character-
istic and show distinct features of the illuminated volume.
The FEM simulations suggest that most parts of the wire
constitute relaxed GaN. Consequently, all line profiles
show a strong peak at the expected position of relaxed
GaN at g4 = 2.277 A~!. Furthermore, fine oscillations
which modulate the line profiles refer to the shape function
of the outer GaN shell and reveal a clear trend towards
higher periodicity from Fig. 4(a) to Fig. 4(c), indicating an
increase of the outer GaN shell thickness. Underlying the
fine oscillations, broader oscillations are visible whose
frequency also increases with an increasing height position
on the rod.

The simulated profiles are computed using kinematic
scattering theory applying Eq. (1), where we assume a beam
width of 90 nm and, in all cases, we position the beam
maximum in the middle of the DQW. The displacement field
of the atomic positions serves as the input for the scattering
simulation, which is obtained via interpolation with the

(1)
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FIG. 4.

(Top panels) Simulated and (bottom panels) experimentally measured line scans along g4 of the logarithmic intensity through

the GaN (1100) reflection. The columns, labeled (a), (b), (c), and (d), each refer to one height position on the rod; see Fig. 2. The
experimental line scans are extracted from Fig. 3. The simulated line scans are computed using kinematic scattering theory based on the
deformation field retrieved from finite-element calculations using the parameters given in Table I as input.

displacement field computed with the FEM. Hence, the
parameters used for the FEM simulation (see Table I) can be
used to fit the simulated line profile to the experimental data.

The broader oscillations are sensitive to the superposi-
tions of the GaN barrier and the DQW which define the
distance between the two minima. The indium content
mainly shifts the minima position along g,,4. At positions
(a) and (b), the GaN barrier and DQW thicknesses have a
stronger impact on the peak shape, and the indium content
mainly changes the amplitude of the oscillations. In cases
(c) and (d), the variation of the indium content has a greater
impact on the position of the minima. While the simulations
describe the experimental data very accurately in (a) and (b),

qrad (A‘)

qang (AW)

0
0.0025

-0.0025

FIG. 5. Reciprocal space maps of the reflected intensity in a
logarithmic scale. (a), (b), (c), and (d) refer to the heights
sketched in Fig. 2. In the g,,, direction, sattelites next to the
CTR are visible whose periodicity refers to the facet width.

there is an increasing discrepancy visible in (c) and (d). We
attribute this observation to the presence of structural
inhomogeneities, as, e.g., the onset of plastic relaxation
towards the top. Concerning the sensitivity of the simulated
line profiles, it is worth mentioning that a variation of the
indium content of +=1%, as well as a thickness variation of
41 nm of the quantum well or the barrier has a clearly
visible impact. Moreover, it is important to note that the
better we know the structural constitution of the rod, the
more accurately we are able to determine the indium content
via FEM simulations—which, of course, demand that
relaxation occurs purely elastically.

From STEM measurements (see Sec. III B) performed
on a representative rod from the same sample, we are able
to estimate the GaN barrier and quantum-well thicknesses
shown in black in Table I. Hence, the only free remaining
parameter in the FEM simulations is the indium content.
Consequently, within the framework of linear-elasticity
theory, we can determine the indium content with com-
paratively high accuracy. The obtained values for the
indium content at the four heights are given in the bottom
row of Table I and show a significant increase towards the
tip by almost a factor of 4 from positions (a)—(c).

Interestingly, for fitting the simulated line profile at
position (d) (just below the tip) to the according experimental
data, we had to assume a smaller indium content of only 18%
compared to position (c). Hence, elastic deformation is
reduced again after a certain height. However, previous
studies found that a further increase of the indium content to
the top is expected [52]. The origin of this decrease is found
by STEM investigations (Sec. III B), showing a strong
increase of plastic relaxation in the top region, most probably
due to a higher indium content and, thus, a larger lattice
mismatch which cannot be compensated for by purely elastic
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relaxation. Here, the crystal quality is significantly reduced
compared to the bottom part of the rod.

Plastic relaxation is not included in the simulations
and demands a critical interpretation of the obtained values
for the indium content. However, if two mechanisms of
strain relaxation are present—namely, plastic and elastic
relaxation—our simulation, which considers only the
elastic part, is expected to give a lower estimate of the
indium content. Moreover, a clear trend of a significant
gradient in the indium content towards the tip is observed in
both approaches, and the values given in Table I are com-
parable to the values retrieved from STEM measurements
(see Fig. 7).

In addition to nanofocus x-ray diffraction, we perform
nanofocus x-ray—reflectivity measurements on the very
same heights as sketched in Fig. 2. Along ¢,,4, We expect
to reveal structural information about DQW and GaN
barrier thickness. However, achieving this goal proves to
be challenging, for several reasons. First, the intensity of
the reflected signal decreases by more than 5 orders of
magnitude within several degrees. Second, the decreased
crystal quality due to defects in the top region of the rod
leads to nonsharp crystal interfaces between (In,Ga)N and
GaN regions. Moreover, the different parts of the rod, e.g.,
the shell, the barrier, and the DQW, are all inclined by
several degrees, such that we observe up to three reflected
streaks deviating by up to 5° from the diffraction plane (not
shown). However, in the angular direction, we are able to
detect satellites referring to the facet width. Figure 5 shows
experimentally retrieved nanofocus x-ray—reflectivity maps
recorded at the very same positions: (a), (b), (c), and (d). In
other words, the scattering plane for both diffraction and
reflectivity remains the same and contains the facet normal,
such that Fig. 2 applies here as well.

In addition to the main CTR, lateral satellites are visible in
the g,y direction. The distance between subsequent minima
along q,,, refers to the width of the illuminated facet. As
expected from the above-presented structural investigations
of the rod, we observe a decrease of the spacing between the
side oscillations translating to an increase of the facet
width by about 200 nm from position (a) to position (d).
Accordingly, the rod diameter increases from 1.3 to 1.7 um.
These values are comparable to SEM investigations of similar
rods of the same sample (not shown) and enter the FEM
simulations with the values given in red in Table 1.

B. Scanning transmission electron microscopy

Using scanning transmission electron microscopy, we
investigate several rods from the very same sample as the
rod investigated by nanofocus x-ray diffraction in the
previous section. Hence, the experimental results of both
methods are comparable within the range of inhomogeneity
of the sample. Using the FIB as outlined in Sec. I, a lamella
containing several rods is isolated. The rods in the lamella
are aligned in a way that an m plane faces its neighbor’s m

plane so that a projection onto the {1120} lattice planes
is possible. The lamella is further thinned by FIB to get rid
of the inclined m facets. Thus, in a cross-section STEM
experiment, the electron beam is directed along the DQW
in two opposing m facets. The experiments are performed
on a JEOL 2100F microscope which is equipped with a
scanning unit including a bright-field as well as a high-
angle annular dark-field (HAADF) detector. Using the
latter, the experiments are mainly sensitive to the chemical
composition of the sample (the Z contrast).

Figure 6(a) displays a HAADF STEM cross-section
micrograph of a representative individual rod. It shows that
the GaN core thickness remains constant. However, the
outer GaN shell thickness increases drastically. To quantify
the thickness gradient, horizontal line profiles with an
integration width of 100 nm of the HAADF intensity are
taken at different rod heights. The inset in Fig. 6(b) shows
that the thickness is obtained by measuring the distance
between the peak originating from the outer quantum well
and the turning point of the intensity profile. The intensity
profile shown is taken at the height marked with the red
arrow and results in the data point marked with a red box.
Following this procedure, Fig. 6(b) shows the shell thick-
ness as a function of rod height. It is clearly visible that the

HiH
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__________ HH- - = - - - -
_ [ 45
{1100}
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------------- 2 2ICICIC I 4
e 1* €
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= 154.7 nm
HIH 2 . 41
g ‘ ‘ | —
i ~o 700 200

Position x (nm)
1 1 1

1
100 150 200 250 300 350
Shell thickness (nm)

FIG. 6. (a) HAADF STEM cross-section micrograph of
the (In, Ga)N/GaN rod recorded along the [1120] direction.
Positions I, II, III, and IV refer to a detailed STEM analysis
(cf. Fig. 7). (b) Thickness of the outer GaN shell on the right side
of the rod as a function of height. (Inset) An example showing
how the intensity profile is used to determine the shell thickness.
The presented case refers to a height indicated by the red arrow in
(a), resulting in the data point marked with a red box in (b).
Between the horizontal dashed red lines, the shell thickness
approaches a constant value.
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shell thickness increases drastically from about 80 to about
270 nm from bottom to top. Interestingly, above approx-
imately 4.2 um, the shell thickness approaches a constant
value and m facets are actually formed. Owing to the
formation of a tip with {1101} facets, the shell thickness
decreases above the second dashed line. The values fit very
well to the shell thicknesses obtained from nanofocus x-
ray—diffraction measurements and substantiate the compa-
rability of both results. Especially in the top region, both
methods yield almost identical values. By comparing the
shell thicknesses obtained with nanofocus x-ray diffraction
with the values retrieved by STEM (see Fig. 6), it is
possible to precisely correlate positions (a)—(d) to the
actual heights. This correlation allows us to deduce the
missing structural parameters (i.e., the DQW and barrier
thicknesses) for the FEM simulations which could not be
obtained from nanofocus x-ray—diffraction experiments.

At the positions I-IV marked in Fig. 6(a), HAADF
STEM micrographs with higher magnification are taken in
order to quantify the evolution of the quantum-well and
barrier thicknesses as well as the indium content. The
respective micrographs are shown in Fig. 7 (top panels). As
the scale bar applies to all four micrographs, it is clearly
visible that the DQW and the barrier increase in thickness.
Moreover, at positions III and IV, stacking faults run
horizontally from the DQW towards the GaN shell surface.
Furthermore, at position 1V, the crystal quality is signifi-
cantly reduced.

Intensity line profiles with an integration width of about
180 nm are taken for positions I-IV and sigmoidal
functions are used to fit the (In,Ga)N quantum-well
intensity peaks to determine the FWHM, which is inter-
preted as the quantum-well thickness. The distance
between the quantum-well peak positions subtracted by
half of the width of each peak results in the GaN barrier
thickness. The result is shown in Fig. 7 (bottom panel).
Following the trend of the outer GaN shell, both the DQW
and the barrier show a significant increase of their thick-
ness from bottom (position I) to top (position IV). Up to
approximately the middle of the rod, the quantum-well
thickness remains constant at about 4 nm. However,
between positions III and IV, the thickness almost doubles.
An even stronger increase in thickness is observed for the
GaN barrier. Starting at about 1 nm, the barrier thickness
increases up to 16 nm. The nanofocus x-ray—diffraction
experiment performed at the highest position [see Fig. 3(d)]
shows broad oscillations along the CTRs, also referring to a
thickness of 16 nm. Hence, we can attribute these oscil-
lations to the GaN barrier. Interestingly, despite the fact that
the GaN barrier increases drastically, both the inner and
outer quantum wells show very similar thicknesses over the
full height.

In addition, the contrast of (In,Ga)N to GaN could be
used to estimate the indium composition. For that reason,
reference samples with known indium content are
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FIG. 7. (Top panels) HAADF STEM micrographs at the

positions I-IV shown in Fig. 6. The scale bar applies to all four
micrographs. At positions III and IV, stacking faults are visible
which run horizontally from quantum wells (the vertical bright
stripes) towards the GaN shell surface. By fitting the quantum-
well peak intensity, the quantum-well thicknesses, dqw, the GaN
barrier thickness, dy,qer» and the indium composition, xy,, could
be extracted. Their evolution with respect to the rod height is
shown in the bottom graph.

measured under exactly the same imaging conditions.
Under the assumption [ « tZ", where ¢ is the thickness
and [ is the HAADF intensity, a relationship between the
contrast and the chemical composition described by the
atomic number Z could be deduced. A crucial parameter is
y, which describes the deviation from ideal Rutherford
scattering [53]. The result in Fig. 7 (bottom panel) shows
a significant increase along the rod height comparable to
the result of the nanofocus x-ray—diffraction analysis.
However, in the region where plastic relaxation sets in
and voids are visible (position IV) the approach loses
accuracy. Moreover, because of the superior spatial reso-
lution of STEM compared to nanofocus x-ray diffraction, it
is possible to resolve that the inner quantum well comprises
an indium content that is up to 3% larger compared to the
outer quantum well.

IV. SUMMARY

In this paper, we investigate individual (In, Ga)N/GaN
core-shell microrods in terms of the structural properties,
the local strain field, and the chemical composition via
nanofocus x-ray diffraction and HAADF STEM. Thereby,
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we find that the multishell structure exhibits a significant
increase in thickness in all subshells from bottom to top
along the rod. Consequently, the rod diameter increases,
and only at a certain height are m-plane facets formed.
Based on the structural parameters retrieved from both
methods, we perform finite-element method and sub-
sequent kinematic scattering simulations. Owing to the
fact that the structural parameters of the shells are well
approximated, it is possible to fit the x-ray—diffraction
profiles by the indium content, which is the sole free
remaining parameter. In this manner, we find that the
increase of shell thickness goes along with a significant
increase in the indium content. As long as relaxation occurs
purely elastically, this approach is expected to be reliable
and is supported by a HAADF-STEM-based determination
of the indium content yielding comparable values. Because
of the higher resolution, HAADF STEM not only shows
that the indium content increases but also that the indium
content in the inner quantum well is higher than the outer
one. Moreover, HAADF STEM measurements show that
the top region of the rod is subject to plastic relaxation.
Here, elastic relaxation decreases, and an increasing density
of the horizontal partial-dislocation lines are observed.
In the top area, an even higher indium content is expected;
however, as only elastic relaxation is considered in the
FEM simulations, only a lower limit of the actual indium
content can be retrieved. The presented study shows
that, by combining nanofocus x-ray diffraction comple-
mented with FEM based kinematic scattering simulations
and HAADF STEM on, ideally, the same object, deep
insight on the structural and chemical constitution of low-
dimensional semiconductors can be obtained.
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