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Abstract:
optoelectronics. The strain field of gallium nitride (GaN) NWs could be significantly changed when

Semiconductor nanowires (NWs) have a broad range of applications for nano- and

contacts are applied to them to form a final device, especially considering the piezoelectric properties
of GaN. Investigation of influence of the metallic contacts on the structure of the NWs is of high
importance for their applications in real devices. We have studied a series of different type of contacts
and influence of the applied voltage bias on the contacted GaN NWs with the length of about 3 to
4 micrometers and with two different diameters of 200 nm and 350 nm. It was demonstrated that the
NWs with the diameter of 200 nm are bend already by the interaction with the substrate. For all GaN
NWs, significant structural changes were revealed after the contacts deposition. The results of our
research may contribute to the future optoelectronic applications of the GaN nanowires.

Keywords: GaN nanowires; Bragg coherent diffraction; piezoelectric effect; finite element method

1. Introduction

Low-dimensional semiconductor material structures, such as nanowires (NWs), have
developed into one of the most intensely studied fields of science and technology. One
reason for the very intense research in this field is motivated by what can be offered to
main-stream semiconductor technology, by which ultrahigh performing electronics (for
example, transistors) and photonics (for example, photovoltaics, photodetectors, or LEDs)
technologies can be merged with silicon and complementary metal-oxide-semiconductor
(CMOS) technology. Semiconductor gallium nitride (GaN) NWs are promising candidates
for a number of applications, such as light emitting diodes (LED), transistors, single
photon sources, low-cost solar cells, etc. (see for review [1-9]). Contacting process of the
nanostructures in a final optoelectronic device may lead to significant strain that changes
the band gap of the final device and hence its properties. In addition, small dimensions
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and high surface to volume ratio of the NWs result in higher piezoelectric effects, which
influence the electron-hole recombination.

The nanostructures are commonly analyzed by the laboratory table-top equipment
employing different techniques such as scanning electron microscopy (SEM), atomic force
microscopy (AFM), transmission electron microscopy (TEM), laboratory X-ray diffraction
(XRD), etc. In most of the cases, these methods have limitations, which do not allow
investigation of the local structure of a single object along the whole NW with high
resolution. Modern 3rd generation synchrotron facilities allow investigation of individual
nanostructures with intense, highly-coherent, focused down to sub-micrometer scale X-ray
beams. Various coherent X-ray diffraction techniques, such as coherent diffraction imaging
(CDI), Bragg CDI, and ptychography may provide an important information about the
three-dimensional (3D) strain field and deformation of a single nanostructure with a high
spatial resolution [10-14].

The Bragg CDI is a lensless imaging technique that makes use of the coherence
properties of the X-ray beam. When a finite object is illuminated by a coherent X-ray beam
in Bragg geometry, interference between the incoming wavefront and the scattered beams
generate a diffraction pattern, which can be recorded in the far-field by a 2D detector
with proper sampling [15]. By rotating the sample in the vicinity of the Bragg angle and
recording 2D diffraction patterns, one can measure a full 3D diffraction pattern and then
use iterative algorithms [16,17] to determine the 3D shape and strain field in a sample.
A complex amplitude object is reconstructed, whose modulus is directly related to the
sample’s crystalline shape and its phase is given by the projection of the displacement field
on the scattering vector [18]. This allows to determine unique information about the strain
field in nanosamples under different external conditions [19-21].

In our previous study [22], we analyzed the NWs of the 350—400 nm diameter with
one type of contacts. We have demonstrated that deposition of the Au contacts, as well as
the applied voltage bias deform single GaN nanowires leading to their bending. It was also
demonstrated that the arching of the nanostructures may reach the critical value, when the
NW is broken. In our current study, we analyzed NWs of the two different diameters of
200 nm and 350 nm, as well as we investigated the influence of the various type of contacts
and applied voltage on the strain field and structure of these NWs.

2. Experiment
2.1. Samples

The samples with GaN NWs were prepared at the NanoLund Laboratory at Lund
University, Sweden. The GaN NWs with the lengths from 3 pm to 4 pm and two different
diameters of 200 nm and 350 nm were grown by selective area metal-organic vapor phase
epitaxy (MOVPE), equipped with a 3 x 2 close-coupled showerhead reactor [23]. First, a
1 pm thick [0001]-oriented GaN template layer was grown on top of a Si (111) substrate, on
which a 30 nm thick SiNy film was deposited as a growth mask by low-pressure chemical
vapor deposition (CVD). Further, hexagonal arrays of openings were defined in the SiN,
mask by e-beam lithography and reactive ion etching with the opening diameter of about
100 nm and the pitch of 1 pm. The as-patterned templates were then loaded into the
MOVPE reactor to grow the GaN nanowires. Due to the growth selectivity, the GaN growth
only took place from the GaN surface exposed in the SiN, openings. The continuously
supplied flows of NH3 and triethylgallium were used to synthesize GaN nanowires. A low
V /I ratio had to be used in order to achieve the nanowire geometry with vertical m-plane
side facets. The triethylgallium flow was 19 pmol/min and the growth temperature was
1042 °C. The as-grown GaN nanowires, having a hexagonal cross-section, were about
200 nm thick and about 3.5 pm long. In order to further increase the diameter of GaN
nanowires, a GaN shell was grown around the GaN nanowires. This was achieved by
increasing the V/III ratio, which enhanced the GaN growth on the m-plane side facets
through forming low-growth-rate facets 1011 at the nanowire tip. By controlling the shell
growth time, GaN nanowires with a diameter of 350 nm were obtained. From our previous
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study [22], we know that the structure of GaN NWs is pure wurtzite almost without
dislocations and stacking faults.

After the growth, GaN NWs were removed from the original substrate and deposited
on a Si (111) chip with a 100 nm thermally grown SiO; layer on top, as an insulating layer.
The SEM images of the free-lying NWs are presented in Figure 1. The SEM images of the
NWs presented in this work were obtained in NanoLund and DESY NanoLab [24].

Figure 1. SEM images of the free-lying GaN NWs with the diameters of 350 nm (a) and 200 nm (b).

2.2. Contacts

After the growth and deposition, Au contacts of two different types were used to
connect the GaN NWs in order to study the influence of the applied voltage on their
structure. The first contacting approach was similar to our previous work [22]. The
position and orientation of the NWs were random with respect to the main contacts on
the substrate after their deposition. We developed a sample holder, which provided the
electrical connection to the selected single NWs. The free-lying GaN NWs were connected
from two sides to the power supply via pads and solid wires using different contacting
methods (see Supplementary Materials). The 220 nm thick metallic contacts were deposited
by electron beam lithography and thermal evaporation of Ti and Au. First, a 20 nm thick
layer of Ti was deposited on 5iO, and GaN NW to provide good adhesion between Au and
GaN, and then 200 nm thick layer of Au on top of Ti layer. The SEM images of the 350 nm
and 200 nm NWs contacted using this method are shown in Figure 2a,b. In comparison to
our previous experiment [22], these Au contacts had larger width and were thicker. The
contacts were covering a larger part of the NWs at the bottom, while the tip of the NWs
was covered less. These variations in contacting geometry define the possible difference in
properties of the electronic system “GalN NW + Au contacts”.

Figure 2. SEM images of the GaN NWs with the diameters of 350 nm (a) and 200 nm (b) contacted
by the Au electrodes deposited above the NWs. (¢) The NW with the diameter of 200 nm contacted
on the top of the Au electrodes by melting procedure (see text for details).

The second type of contacts was manufactured differently. The Au contacts were
deposited on the SiO, layer using the similar lithography technique from two sides leaving
a gap between them. Further, GaN NWs were positioned on the top of these contacts and
were slightly melted into the contacts by the increased temperature of 400 °C for 20 min.
The SEM image of this type of contacts is shown in Figure 2c.

We performed electrical measurements before the experiment. The resistance of the
system “GaN NW + Au contacts” was about 10'> Ohm. Therefore, the current through the
NWs was relatively low, and additional cooling of the sample was not necessary.

2.3. Experimental Setup

The nanostructures were investigated at the coherence applications beamline P10
at the PETRA III synchrotron facility (DESY, Hamburg, Germany). The geometry of the
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experiment is shown in Figure 3. The measurements were performed at the six-circle
diffractometer equipped with a two-dimensional (2D) X-ray pixel detector EIGER X 4M
positioned 1.74 m downstream from the sample in Bragg geometry. The detector had
2070 x 2167 pixels with the pixel size of 75 x 75 um?. To reduce air scattering, an evacuated
flight tube was mounted between the sample and detector.

w

contacts

Figure 3. The experimental setup showing the incoming and diffracted beams with the wave vectors
Kj and Ky and a reciprocal lattice vector Hyj, of the NW that is perpendicular to the Si substrate.
The sample is rotated around the Bragg angle 65 of 1010 GaN reflection. The rectangular coordinate
system has z-axis perpendicular to the substrate, x-axis along, and y-axis perpendicular to the NW.
In the inset, the intensity distribution of a typical free-lying NW recorded by a 2D detector is shown.

The X-ray beam with the photon energy of 9.04 keV and flux of about 10" ph/s was
focused at the sample using compound refractive lenses (CRLs). Characterization of the
focus was performed by the knife edge scan at the sample position. The X-ray beam was
about 3 x 2 um? (V x H) in size at full width at half maximum (FWHM). The sample with
GaN NWs was mounted on the diffractometer by a specially manufactured adapter with
wires connected to a voltage power supply (see for details Ref. [22]). During the experiment,
1010 Bragg reflection of GaN was measured employing the incoming and diffracted X-ray
beams with the wave vectors K and Ky and a reciprocal lattice vector H;j, of the GaN NW
being normal to the substrate (see Figure 3). The sample was positioned at a Bragg angle 0p
of 1010 GaN reflection and the detector was placed at 265 with respect to the incident X-ray
beam. The rectangular coordinate system was chosen to have the z-axis perpendicular
to the substrate, x-axis along, and y-axis perpendicular to the NW (see Figure 3). The 3D
coherent intensity distribution around each diffraction peak was measured by recording
the scattered X-rays from the specimen by the 2D detector at different incidence angles
in a range of about £0.4° around the Bragg angle with 160 angular steps and 5 s of
exposure time.

3. Results
3.1. Free-Lying Nanowires

First, we have investigated a series of free-lying NWs without contacting electrodes.
The 3D distribution of coherently scattered intensity in the vicinity of a 1010 GaN Bragg
peak of the free-lying NWs in the laboratory frame is shown in Figure 4. The intensity dis-
tribution of a free-lying NW of 350 nm in size is presented in Figure 4a,b and demonstrates



Appl. Sci. 2021, 11, 9419

50f11

well pronounced hexagonal symmetry with the fringes originating from the opposite facets
of the NW. There is only a single star-shaped Bragg peak distribution in reciprocal space
(see Figure 4b), which indicates that this NW does not have a significant structural change
and may be considered as a deformation-free NW. Several other investigated free-lying
NWs of the same size demonstrated similar structure of the Bragg peak distribution in
reciprocal space (see Supplementary Materials).

Figure 4. The intensity distribution around 1010 GaN Bragg reflection of free-lying GaN NWs shown
from two different views to emphasize the diffraction pattern details. (a-d) Single GaN NWs with
the diameters of 350 nm (a,b) and 200 nm (c,d). The thinner 200 nm NW reveals a double Bragg
peak structure due to its bending on the substrate (see text for details). (e f) For a comparison, the
intensity distribution of two NWs with the diameters of 350 nm lying close to each other form
well separated Bragg peaks in reciprocal space. To enhance the diffraction pattern details, the
intensity distributions are represented by two different iso-surfaces. The length of coordinate arrows
corresponds to 0.1 nm~!. The intensity is normalized to the maximum and the iso-surface values are
1073 and 10745 (a,b), 10795 and 107! (¢,d), 107%% and 101 (e,f).

Further, a single, free-lying GaN NW with a smaller diameter of 200 nm was studied.
Its intensity distribution is shown from two different directions in Figure 4c,d. Interestingly,
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the diffraction pattern reveals the “double-star” structure of the Bragg peak distribution (see
Figure 4d). Two additionally studied 200 nm free-lying GaN NWs demonstrated similar
double structure of the Bragg peak intensity distribution (see Supplementary Materials),
which is due to the bending of the NWs [22].

For comparison, a diffraction pattern of 1010 GaN Bragg peak of two close lying NWs
with diameters of 350 nm is presented in Figure 4e f. In this case of 350 nm thick NWs, two
well-separated hexagonal-star Bragg peaks are distinguishable in reciprocal space.

Therefore, it is possible to conclude that the free-lying GaN NWs with the diameter
of 200 nm are already bent in contrast to 350 nm in diameter NWs. This effect makes
investigation of the NWs with the diameters smaller than 350 nm more complicated.

3.2. Influence of Contacts on the NWs Structure

The 3D intensity distribution around 1010 GaN Bragg peak for the contacted nanowires
is shown in Figure 5. It is well seen in Figure 5a that the Bragg peak of the contacted 350 nm
thick GaN NW has obtained an additional Bragg peak due to the induced strain from the
deposited contacts.

Figure 5. Comparison of the intensity distributions around 1010 GaN NWs Bragg peak for the
different types of Au contacts. (a,b) The contacts deposited on the top of the nanowires with the
diameters of 350 nm (a) and 200 nm (b). (c) The intensity distribution for a NW with the diameter of
200 nm contacted on the top of the Au electrodes by melting procedure. For all types of the contacts,
a significant influence on the scattered X-ray intensity due to the induced strain during the contacting
process could be seen. To enhance the diffraction pattern details, the intensity distributions are
represented by two different iso-surfaces. The length of coordinate arrows corresponds to 0.1 nm~1.
The intensity is normalized to the maximum and the iso-surface values are 10735 and 1074° (a),

10~1% and 10728 (b), 10~25 and 1073 (c).

The free-lying 200 nm thin GaN N'Ws were already bent before contacts deposition,
but the bending angle was increased by 2 degrees after the contacts were applied (see
Figure 5b). The nanowire fixation and bending mechanism were different for 350 nm and
the 200 nm GaN NWs as can be seen from comparison of corresponding diffraction patterns
(see Figure 5a,b).

Further, influence of the second type of Au contacts on the GaN NWs was studied
(see Figure 2c). The corresponding distribution of intensity in reciprocal space around
1010 GaN Bragg peak of a contacted 200 nm GaN NW is presented in Figure 5c, and shows
the bending effect. Finally, we can conclude that all investigated types of contacts had a
similar bending effect on the GaN NWs.
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3.3. Operando Studies of GaN NWs

To study properties of the GaN NWs with the diameter of 350 nm, we have applied
voltage bias to their ends and followed the evolution of the 1010 GaN Bragg diffraction
pattern. The Bragg peak intensity distribution as a function of applied voltage is shown
in Figure 6. It is clearly visible in the figure that the distance between the Bragg peaks
increases with the voltage causing an additional redistribution of the coherently scattered
radiation around the Bragg peaks. As was already discussed above, this deformation of the
Bragg peak is attributed to the GaN NW bending due to its expansion caused by the piezo
effect under the applied voltage. The scheme of the bent NW and its intensity distribution
in reciprocal space is shown in Figure 7a. The gap between two peaks increased with the
applied voltage till the maximum elongation at two volts (see Figure 6d). After this critical
value, the applied voltage bias was increased to five volts, and the NW was destroyed.
Therefore, we assumed that the breakdown voltage of the system “GaN NW + Au contacts”
was between two and five volts. The SEM images of the NWs after the breakdown voltage
was applied are presented in the Supplementary Materials.

(@) 0.1V . (b) 0.5 V

(c)1V % (d)2v

Figure 6. Evolution of intensity distribution around 1010 GaN Bragg reflection of a contacted GaN
NW with the diameter of 350 nm. The values of the applied voltage bias: 0.1 V (a), 0.5V (b), 1V (c),
2V (d). To enhance the diffraction pattern details, the intensity distributions are represented by two
different iso-surfaces. The length of coordinate arrows corresponds to 0.1 nm~!. The intensity is
normalized to the maximum and the iso-surface values are 10734 and 1074,
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Investigation of the applied voltage to the GaN NWs with a diameter of 200 nm was
not successful due to the unstable contacts between the NWs and the metallic contacts. The
200 nm GaN NW positioned on the top of the second type of Au contacts was lost after the
first applied voltage bias of 0.5 volts. In this situation, one can only conclude that this type
of NW fixation is much weaker than the variant with the Au contacts on the top of the NW.

4. Discussion

To analyze the bending effect of the GaN NWs, a model of such bending was devel-
oped based on our pervious results (see Ref. [22]). A scheme of the intensity distribution
in reciprocal space is shown in Figure 7a. It explains relation between the bending angle
6 = arctan(q/|Hjp1o|) of the NW and the elongation g of the gap between two star-like
Bragg peaks with the known length of the scattering vector Hyq.

To relate this bending angle with the split of the Bragg peak observed in the experiment
and caused by this bending, we performed finite element method (FEM) simulations [25].
The lattice constants were considered to be ag,y = 3.189 A, cc,y =5.178 A for the wurzite
GaN crystal [26]. Since the GaN has a transversely isotropic structure of the unit cell, the
full stiffness matrix is given by five independent components. The elasticity constants C;; of
the GaN used in the model were the following: C11=374 GPa, C1, = 138 GPa, C13 = 101 GPa,
C33 =395 GPa, C44 = 98 GPa [27]. The equilibrium shape of the NW used in FEM simula-
tions is shown in Figure 7b. The incident Gaussian beam profile with one micrometer full
width at half maximum (FWHM) and 3D displacement field from the FEM model were
used to simulate the intensity distribution in reciprocal space, which was compared with
the experimental one. Varying displacement field in the model, the best correspondence
between the angular distance of the Bragg peaks in the model simulations and experimental
data were determined.

k
(a ) Peak I Peak 11

h, ) 08 (C) °
1070 GaN /
m ®
Bragg peak 8o —
2 /
_________ =
D 04 @
/
[ ]
___________ GaN NW 02 - . .
Voltage (V)
7.108
-108 Pa
(b) 7 g ) :
6 < . /
g I L
. i/
2 /
1 & 2 [ ]
0 1 T
Voltage (V)

Figure 7. (a) Scheme of reciprocal space X-ray intensity distribution formation. (b) 3D FEM model
of the bent GaN NW. The color scale bar gives values of the tensile strength obtained in this model.
(c) Bending angle 6 of the NW with the size of 350 nm as a function of the applied voltage bias.
(d) Maximum tensile strength in the NW under voltage bias. The stress in the NW is increased from
2 x 108 Pa up to the ultimate tensile strength of 6 x 108 Pa, at which the NW was broken.

For the free-lying NW with the diameter of 200 nm, an average bending angle of
0.45 degrees was calculated from the distance g between two peaks in reciprocal space
(see Figure 4c,d) that, according to FEM modelling, corresponds to the maximum tensile
strength in the NW of about 3.4 x 108 Pa.

The bending angle of the contacted 350 nm GaN NWs was found to be 0.28 degrees
and corresponds to 2 x 108 Pa tensile strength obtained from the FEM model. In our
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previous experiment, the GaN NW was bent to 0.4 degrees after the Au contacts deposition
with the tensile strength of 3 x 10® Pa, which supports the current findings. For the second
type of Au contacts shown in Figure 5¢c we determined the angle of 0.29 degrees that
corresponds to the tensile strength of 2.1 x 108 Pa.

Dependence of the bending angle 6 between the two peaks of the 1010 GaN Bragg
reflection for the GaN NW under operando conditions is given in Figure 7c as a function
of the voltage bias. From the FEM simulations, the maximum tensile strength value of
the most top part of the nanowire was obtained for different bending angles measured
in the experiment. Dependence of this tensile strength as a function of applied voltage
bias is presented in Figure 7d. The strain in the GaN NW increased from 2 x 10® Pa up
to 6 x 108 Pa, at which the nanostructure was broken. In general, the strain values are in
a good agreement with the dependence observed in our previous study, but the voltage
values corresponding to the same bending angles are five times smaller. We attribute
this discrepancy to the different geometric parameters of the contacts, which were thicker
this time and had different overlap with the NWs. The ultimate tensile strength at the
breakdown voltage could be estimated with rather large error from the extrapolation of
the obtained tensile strength dependence, but will be in a range of the previously obtained
value of about 1 GPa.

5. Summary and Outlook

In our study, a strong influence of the different types of metallic contacts on the strain
state of GaN NWs with diameters of 200 nm and 350 nm was demonstrated using coherent
X-ray diffraction of the 1010 GaN Bragg peak. Employing the developed FEM model, the
maximum tensile strength in the nanowires was calculated for the different bending states
induced due to the deposited Au contacts.

For the NWs with 350 nm in diameter, the maximum tensile strength raised to
2 x 108 Pa after the contacts deposition. Further, the influence of the applied voltage bias
on the strain field evolution until the breakdown of the nanostructures was investigated.
The strain in the GaN NWs increased up to the ultimate tensile strength of 6 x 108 Pa corre-
sponding to two volts of applied bias, at which the nanowire was broken. This ultimate
tensile strength was in a good agreement with out previous work, while the breakdown
voltage deviation was explained by the different geometry of the contacts and their possibly
different breakdown behavior.

In the case of the NWs with the diameter of 200 nm, it was demonstrated that they
bend already by the interaction with the substrate. The applied Au contacts disturbed
the scattered X-ray intensity distribution of the Bragg peak even more. Additionally, the
contacts fixation of this type of NWs was less stable, which made their investigation with
the current diameter to length ratio rather challenging. For our future experiments, the
length of the NWs with diameters below 350 nm is planned to be shorter than 2 pm.

An additional type of fixation with the NWs positioned on the top of the Au contacts
demonstrated for the GaN NWs with the diameter of 200 nm a much weaker “contact-
nanostructure” fixation. The GaN NW was disconnected already after the first applied
voltage bias of 0.5 volts. Due to these reasons, the operando study of the nanowires with
this type contacts was not successful.

We expect that the results of our work will contribute to the development and man-
ufacture of the devices based on the nanostructures and may help the high-technology
industry development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11209419/5s1, Section S1: Free-lying NWs; Section S2: SEM images of the contacted NWs
before and after the experiment; Section S3: Evolution of the scattered intensity of the NWs as a
function of applied voltage; Section 54: Measurements of the GaN NWs with the Pt contacts. Figure
S1: (a—c) The intensity distribution around 1010 GaN Bragg reflection of three different free-lying GaN
NWs with diameters of 350 nm. (d—f) The same Bragg peaks from a different view perpendicular to
the [0001] crystallographic direction. The figures demonstrate absence of the “double-star” structure,
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which was observed in the case of bent GaN NWs. Figure S2: (a,b) The intensity distribution around
1010 GaN Bragg peak of two free-lying GaN NWs with diameters of 200 nm. (c,d) A different view
of these Bragg peaks from a direction perpendicular to the [0001] crystallographic axis. The Bragg
peaks demonstrate the “double-star” structure typical for the bent GaN NWs. Figure S3: SEM images
of the contacted GaN NWs. The first 350 nm GaN NW before (a) and after (b) applied voltage bias.
The second 350 nm GaN NW before (c) and after (b) the maximum applied voltage. The 200 nm GaN
NW before (e) and after (f) the applied voltage bias. Figure S4: SEM images of the second type of Au
contacts. The NW with the diameter of 200 nm contacted on the top of the Au electrodes by melting
procedure before (a) and after (b) applied 0.1 V of bias. (c) The 350 nm GaN NW on the top of Au
contacts. Figure S5: Evolution of the intensity distribution around 1010 GaN Bragg reflection of the
second contacted GaN NW with the diameter of 350 nm. The values of the applied voltage bias:
0V (a),1V(b),2V(c),5V (d). Figure S6: Dependence of the scattering vector modulus (H;,7,) on
the applied voltage bias for the first (a) and second (b) 350 nm GaN NW. Similar dependence of the
scattering vector modulus (H;z,) on the applied voltage bias for the first (c) and second (d) 200 nm
GaN NW. Figure S7: Dependence of the bending angle for the first (a) and second (b) GaN NW
with the diameter of 200 nm on the applied voltage bias. Figure S8: SEM images of the Pt contacted
200 nm GaN NWs. Figure S9: (a) SEM images of the Pt contacted GaN NW with diameter of 200 nm.
(b) Comparison of the diffracted intensity of the 1010 GaN Bragg reflection of the NW before (up)
and after (bottom) deposition of the Pt contacts. (c) 3D intensity distribution around 1010 GaN Bragg
reflection of the NW.
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