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ABSTRACT

Selective area growth of cubic gallium nitride is investigated in a plasma assisted molecular beam epitaxy setup. 380 ym thick silicon (001)
and 10 ym thick 3C-silicon carbide (001), grown on 500 ym silicon (001), were used as substrates and structured with silicon dioxide masks.
Selective area growth on silicon and 3C-silicon carbide was tested for both thermal and plasma deposited oxides. Multiple growth series
showed that gallium nitride coverage of silicon dioxide vanished at growth temperatures of 870 °C for silicon substrates and at a surface
temperature of 930 °C for 3C-silicon carbide substrates. Whereas gallium nitride is grown in its hexagonal form on silicon substrates, phase
pure cubic gallium nitride could selectively be grown on the 3C-silicon carbide template. The cubic phase is verified by high resolution
x-ray diffraction and low temperature photoluminescence measurements. The photoluminescence measurements prove that gallium nitride
condensed selectively on the 3C-silicon carbide surfaces uncovered by silicon dioxide.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0053865

. INTRODUCTION

Group III nitrides, often examined in the hexagonal phase, can
also be grown in the metastable cubic zinc blende phase. The cubic
phase offers some benefits compared to its hexagonal counterpart,
e.g., higher crystal symmetry and the absence of built-in polarization
fields."”

However, the lack of lattice matched substrates limits the crys-
tal quality of the metastable cubic phase dramatically. State of the
art epitaxial cubic GaN (c-GaN) thin films grown on 3C-SiC(001)
with a thickness of less than 1 ym show full width at half maximum
(FWHM) of symmetric (002) x-ray diffraction (XRD) rocking curves
in the order of 30 arc min. The surface roughness of such films is in
the order of 4 nm.

Patterned substrates could be utilized to improve crystal quality
by reducing dislocation density and smooth the surface of epilayers.
Different studies’” have led to the conclusion that structures such as
V-grooves, U-grooves, or hole arrays could be used for that purpose.
For example, Liu and Bayram et al. ** revealed that if two hexag-
onal GaN growth fronts merge with a tetrahedron bonding angle
of 109.47°, cubic GaN via a wurtzite to cubic phase transition is
formed on (111) faceted Si (001) substrates. However, utilizing this

hetero-phase epitaxy implies selective growth of GaN on the
structures’ (111) facets. On Si (111) facets, GaN is grown in its
stable hexagonal phase; therefore, hexagonal interlayers are always
produced between the substrate and the zinc blende GaN, reduc-
ing phase purity of the coalesced epilayer.” However, dislocation
free cubic GaN growth without initial hexagonal nucleation was also
observed in V-grooves in 3C-SiC.”

An alternative way to achieve defect free cubic epilayers is
aspect-ratio trapping.® In the GaAs system, holes were found to be
a useful SiO, mask structure. Hsu et al. © showed that the quality
(dislocation density and surface roughness) of GaAs grown on Si
was improved when using a hole mask made of SiO,. When GaAs
starts to grow in the holes in the SiO, mask with a typical diam-
eter of 55 nm, dislocations terminate on the GaAs/SiO, interface.
Once the GaAs starts to grow out of the holes, most dislocations
are terminated. This leads to a very smooth film after coalescence
compared to growth without a SO, hole mask. Adapting those tech-
niques to the group III nitride system could greatly improve crystal
quality.

Nevertheless, most of these works were carried out in metalor-
ganic chemical vapor deposition setups. If carried out in a plasma
assisted molecular beam epitaxy (PAMBE) setup, GaN nucleates on
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all facets and surfaces of the structures at standard growth conditions
and thus prevents selective growth inside the structures and coa-
lescence to form a closed film. Therefore, it is necessary to achieve
selective growth of cubic GaN by MBE first. SiO, could be used to
prevent growth outside the structures, acting as a mask inhibiting the
nucleation of GaN. Here, we investigate the selective growth of cubic
GaN with MBE on Si (001) and 3C-SiC (001) substrates, which is a
precondition for the application of both hetero-phase epitaxy and
epitaxy via aspect-ratio trapping.

Il. SAMPLE PREPARATION

In order to test selectivity, 1 x 1 cm? pieces of Si (001) were cov-
ered with 200 nm of SiO,. Whereas one half of the samples were dry
oxidized thermally (T-SiO,) at 1100 °C for 2 h 53 min, the other half
were laminated with plasma deposited SiO, (PD-SiO;) in a PECVD
Oxford Plasmalab 80 plus setup. PD-SiO; was grown at a rate of
73 nm/min. The plasma is operated at 20 W and 1000 mTorr and
supplied with 400 SCCM of SiH, and N,O. Then, all samples were
coated with a photoresist (AZ 15 nXT). Maskless UV lithography,
employing a DWL 66+ from Heidelberg Instruments, operated with
a 375 nm laser, was carried out to achieve a checker board pattern
(see the left side of Fig. 1). Every field of the checker board pattern
is 3 x 3 mm?, resulting in a total of nine fields. After removal of the
developed photoresist, five out of the nine fields were etched down
to the Si (001) substrate with the help of reactive ion etching (RIE)
carried out in an Oxford Plasmalab 100 apparatus. The plasma was
operated at 25 W and 30 mTorr and fed with 20 sccm of CHF3 and
Ar gas. SiO; was etched at a rate of 8 nm/min, resulting in a total
etching time of 25 min and a total etch depth of 200 nm. The final
step was to remove the remaining photoresist and clean the sample.
This was carried out by submerging the samples in acetone followed
by isopropanol for 15 min each in a supersonic bath. After cleaning,
the samples were introduced to the ultrahigh vacuum of our PAMBE
setup. The 3C-SiC/Si (001) samples were prepared similarly. In order
to get thermal oxide on 3C-SiC (001), a dry oxidation series with dif-
ferent oxidation times at 1200 °C was conducted. Oxide thickness
was estimated by the help of ellipsometry measurements. Data were
evaluated under the assumption of a Deal-Grove model® behavior
of the oxidation process. Results are not presented in this work, but
we found 436 min of oxidation time to be sufficient to get 200 nm

FIG. 1. (Left) Sample as prepared. Blue areas have SiO, on the surface while gray
areas show the bare Si (001) substrates. (Right) After 41 min of GaN deposition at
a growth temperature of 810 °C. The royal blue and golden colors originate from
thin film interference.

scitation.org/journal/adv

of thermal oxide on our 3C-SiC (001) substrates at 1200 °C. Because
3C-SiC substrates are quite expensive, we adopt the parameters from
the series on Si substrates onto 3C-SiC without performing a full
series on 3C-SiC.

I1l. EXPERIMENTAL METHODS

After sample preparation, various samples were measured by
atomic force microscopy (AFM) and scanning electron microscopy
(SEM) in order to compare surface roughness and morphology of
the processed samples. Following characterization, the samples were
introduced into the PAMBE setup. Each sample was treated the
same way besides a variation in the surface (growth) temperature
Tsup- The gallium cell was operated at 923 °C, resulting in a gallium
flux of about 2 x 10" atoms/cm* s™'. The Oxford Applied Research
plasma cell is fed with 0.5 SCCM of molecular N>, and the plasma is
operated at 260 W. Under regular growth temperatures of around
760 °C (thermocouple reading), this results in metal-rich growth
conditions and a Ga sticking coefficient of about 0.55. When the
sample is heated, the Ga shutter is opened about 5-10 s before the
N shutter is opened to ensure a metal rich growth start. Growth
can be monitored in situ by the help of Reflective High Energy
Electron Deflection (RHEED). All samples were rotated during
deposition.

In both series (PD-SiO; and T-SiO,), growth temperatures are
varied from 750 to 900 °C in steps of 15 °C. The deposition time was
41 min for each sample (e.g., the right side of Fig. 1). If Ga diffuses
from SiO; to 3C-SiC, this deposition time would lead to 200 nm of
GaN, thus preventing overgrowth of the 200 nm thick SiO,. If Ga
does not diffuse but just desorbs, this deposition time would still
result in a measurable film thickness and crystallographic phase.

After deposition, the GaN coverage is evaluated by SEM. If one
optimizes brightness and contrast for GaN, Si and SiO; appear pitch
black in SEM images. This allows us to statistically compare black
(Siand SiO;) and white (GaN) areas to calculate GaN coverage in %
with the help of the image analysis software “Image].””

The crystallographic phase of the deposited GaN was exam-
ined by scanning electron microscopy, photoluminescence (PL),
and High Resolution X-Ray Diffraction (HRXRD) measurements.
HRXRD scans and reciprocal space maps (RSMs) have been
recorded using a Philips X'Pert materials research diffractometer
with a copper anode. In the PL setup, we used a 266 nm Nd:YAG
cw-laser operating at 5 mW. Samples were cooled to about 13 K with
a closed helium cycle cryostat for PL spectra.

IV. RESULTS

The prepared and patterned substrates have highly different
surface morphologies (see Fig. 2). SEM images of the surfaces show
that the PD-SiO; is very grainy. AFM images of PD-SiO,, with an
area of 10 x 10 ‘umz, showed 2-3 times the roughness of T-SiO,
at comparable thickness. The roughness of T-SiO, and Si surfaces
after etching was below 1 nm. The roughness of PD-SiO, was in the
order of 2-3 nm. In addition, the exposed Si under PD-SiO, showed
an increased roughness, indicating degradation of the surface due to
plasma assisted deposition. AFM images with an area of 1 x 1 ym?
show an even larger difference in roughness, resulting in a factor of
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FIG. 2. SEM images of the as prepared substrates. Both images depict a corner
section of the checker board pattern (see Fig. 1). (Left) Plasma deposited oxide.
(Right) Thermal oxide. Next to the central structures, one can see smaller areas of
the Si substrate.

10 comparing the roughness of both oxides, with PD-SiO, always
being the rougher one. Post-growth cross-sectional SEM measure-
ments revealed no change in the growth rate of GaN, indicating that
Ga does not diffuse from SiO; to bare Si surfaces.

A. Si substrates

Figure 3 shows the GaN coverage of the growth series on the
patterned Si substrates. The red curve corresponds to GaN cover-
age on T-SiO, while the blue curve corresponds to GaN coverage
on PD-Si0,. Over the whole temperature range, the GaN coverage
is always lower on T-SiO; than on PD-SiO,. Until a growth tem-
perature of 840 °C, the coverage only drops slightly. This indicates
that the GaN islands do not form a coalescent film. At a growth
temperature of 855 °C, the GaN coverage on T-SiO, drops from
above 90% to below 10%, while coverage on PD-SiO; remains above
90%. At growth temperatures above 870 °C, coverage is close to 0%
for both oxides. The observed differences in coverage between the
oxides are probably due to the very different surface roughness. A
rough surface offers more nucleation sites than a smooth surface.

100% - .

80% i

60% E

40% | 1

GaN coverage (in %)

20%

T
1

—w— Thermal oxide
—&— Plasma deposited oxide

740 760 780 800 820 840 860 880 900
Growth temperature (°C)

0% -

FIG. 3. GaN coverage of the substrate in % as a function of deposition temperature
on the (red) thermal oxide mask and the (blue) plasma deposited oxide mask. Both
imply a critical deposition temperature of about 870 °C as GaN coverage is close
to 0% for that temperature.
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This could explain why coverage vanishes at higher temperatures for
PD-SiO».

Two important results emerge from these growth series. First,
GaN growth can be inhibited for growth temperatures above 870 °C
on SiO; on a 380 ym thick silicon (001) substrate. Moreover, T-SiO,
could be preferable over PD-SiO,. While PD-SiO; is very easy and
fast to deposit, its roughness increases the necessary temperature to
inhibit GaN growth by about 10 °C. Such an increase in growth tem-
perature can have a non-negligible impact on growth mechanics,
phase purity, and surface morphology of epilayers.

B. 3C-SiC substrates

The aim of this work was to achieve selective growth of cubic
GaN on patterned 3C-SiC/SiO, (001) substrates. In Sec. IV A, we
deduced a critical growth temperature of 870 °C, necessary to avoid
GaN nucleation on SiO,. Here, we present the results of adopting
these parameters to 3C-SiC (001) substrates, consisting of 10 ym
3C-SiC (001) on 500 ym Si (001). As the underlying silicon is about
100 ym thicker than our Si samples, tests were conducted at growth
temperatures in the range from 900 to 950 °C. The 3C-SiC sam-
ples were overgrown for 2 h. This growth time would lead to at least
200 nm of GaN under regular growth conditions with a growth rate
of 100 nm/h. With increasing growth temperatures, a reduction in
the growth rate is observed. It decreases to about 60 nm/h at a growth
temperature of 950 °C. This indicates that we are approaching either
a critical substrate temperature for GaN nucleation on 3C-SiC (the
sticking coefficient of Ga drops dramatically) or the dissociation
temperature of GaN, or both.

Figure 4 shows SEM images of a 3C-SiC substrate, patterned
with PD-SiO,, overgrown for 2 h at 910 and 930 °C. The surface
on the left side of those figures corresponds to SiO, prior to GaN
growth. On the right side of the micrographs, c-GaN is visible, grown
on the exposed 3C-SiC. The 90° angle between the observable facets
indicates a cubic crystal structure. Samples grown below 930 °C
growth temperature had non-negligible GaN coverage on SiO; (e.g.,
the left side of Fig. 4), while samples grown at 950 °C growth temper-
ature showed degradation of the c-GaN surface. In this case, degra-
dation means a not coalesced film grown with a Ga flux of 2 x 10**
atoms/cm” s™'. When doubling that Ga flux, the GaN epilayer does
coalesce but looks very rough compared to the samples shown in
Fig. 4. A growth series with varied Ga flux could optimize growth at
950 °C but was not conducted yet.

Because of different material contrasts, it appeared to be impos-
sible to get an SEM image of both surface morphologies (SiO, and
c-GaN) at the same time. Brightness and contrast were tuned for the
SiO; masks in the SEM images of Fig. 2.

Figure 5 contains two spectra of samples grown at differ-
ent temperatures. Observed transitions were highlighted by dashed
lines. The black spectrum originates from a sample overgrown at
a growth temperature of 910 °C. In this case, GaN grown on top
of SiO; was excited. At this growth temperature, selectivity is not
high enough to keep the SiO, from getting covered with GaN. It
shows a very high hexagonal phase content with cubic impurities.
Post-growth SEM observation revealed the poly-crystallinity of GaN
grown on SiO;. The blue spectrum was measured on a sample grown
selectively at a growth temperature of 930 °C. Here, we excite GaN
grown on bare 3C-SiC. The three transitions highlighted in blue can
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FIG. 4. SEM images of patterned 3C-SiC (001) overgrown by GaN for 2 h at 910 °C growth temperature (left) and at 930 °C growth temperature (right). Prior to growth,
the left side was bare PD-SiO,, and the right side was bare 3C-SiC. Polycrystalline and mostly hexagonal GaN nucleated on the SiO; side at 910 °C. Faceted cubic GaN
is observable on the 3C-SiC side for both growth temperatures. 90° angles between facets indicate cubic structure.

be related to the cubic phase. The transition at 3.07 eV (D°,A”)c The remaining signal probably originates from GaN nucleated on

could originate from carbon doping.' As we did not dope the sam- surface impurities. At 950 °C, there is no sign of photoluminescence,
ple intentionally, the exact cause of this transition remains unknown. indicating an even cleaner SiO, surface. Nevertheless, GaN coverage
At3.15eV (D°,A”), we observe a donor-acceptor pair, and at 3.24 eV is already negligible at growth temperatures of 930 °C. The patterned
(DO,X), an excitonic transition is visible.'’"'> The three maxima 3C-SiC sample overgrown at 930 °C was also measured by HRXRD

highlighted in yellow probably relate to hexagonal impurities, stack- to confirm the cubic phase of GaN grown selectively. Figure 7 depicts
ing faults (SF), or both. The two transitions at 3.35 eV (I;-BSF)" a RSM of selectively grown c-GaN at a substrate temperature of
and 3.42 eV (I;-BSF)'* are probably caused by basal stacking faults 930 °C, showing the (002) reflection of 3C-SiC and c-GaN. Mea-

(BSFs), and the transition at 3.47 eV (D°, X) corresponds to excitonic surements were conducted along different azimuths with A¢ = 90°.
transitions from the hexagonal phase.'” If the hexagonal phase is present, one could observe the (1011),

In Fig. 6, we compare PL intensities of GaN grown on the (1011), and (0002) reflections within those maps.'® The absence of
SiO, mask at different growth temperatures. One can see a sig-  those reflections, whose positions are indicated by red boxes, clearly
nificant drop in PL intensity for increasing growth temperatures. confirms that GaN is grown selectively with a dominant cubic phase

content. One can see a signal from stacking faults (SFs) crossing the

—PL Intenslity of GaN grow;1 on 3C-SiC (TSUI,J=930"C) I 7 . . . . . .
——PL Intensity of GaN grown on SO, (T,,,=910°C) ' ' ' '
10° c-GaN h-GaN 1 6l 91O°C )
A ——930°C
3 — —950°C 1
g S5 5t 4
AT o)
= S 4+ 4
2 N
g 2,
2 L 4
= 0 £
[©]
c 2r T
2.8 3.0 3.2 3.4 3.6 3.8 0
Energy (eV) 28 30 32 84 38 38
FIG. 5. PL spectra of two samples overgrown with GaN. Both were excited by a Energy (eV)
266 nm Nd:YAG laser operating at 5 mW at a sample temperature of 13 K. The blue }
spectrum was measured on the GaN surface grown on the bare 3C-SiC substrate FIG. 6. PL spectra of three samples grown at different growth temperatures. GaN
selectively at 930 °C growth temperature. The black spectrum originates from the was excited on Si0j. A significant reduction in PL intensity can be observed for
GaN grown on the SiO, mask of a sample that was not selectively overgrown at both 930 and 950 °C compared to the spectrum of the sample with a growth
910 °C. temperature of 910 °C.
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RSM (002) of SAG c-GaN on 3C-SiC/Si02 , Tg,,=930°C

\ - 3C-SiC (002)

c-GaN (002)

(I||(A'1)

FIG. 7. Reciprocal space map (RSM) of the sample overgrown with c-GaN selec-
tively at 930 °C showing symmetrical (002) reflection of the 3C-SiC substrate and
the c-GaN epilayer. Along those reflections, stacking faults (SFs) are observable.
Red boxes indicate where one would expect (10-11), (—=1011), and (0002) reflec-
tions of the hexagonal GaN phase.'® Comparing intensities of those stacking faults
and reflections of c-GaN along different azimuths (A¢ = 90°) yields a hexagonal
content of below 1%.

red boxes. The ratio between those SF peak intensities and the c-GaN
(002) peak intensities, summarized along all azimuths, is below 0.01
and qualitatively agrees with PL data.

Since our XRD setup is operated in the line focus mode, the
presented data are gathered along a line crossing the center of the
checker board pattern. Thus, the data are collected from different
surfaces. 2/3 of the x-ray beam hits the SiO, surface while only
1/3 of the beam hits the GaN on 3C-SiC. GaN grown on SiO; just
below the critical temperature forms a polycrystalline and mostly
hexagonal phase GaN film (see Fig. 6). Since there is no signal from
polycrystalline or hexagonal GaN at all, while mostly measuring
on SiO,, very good selectivity was proven again. Altogether, these
investigations show that it is possible to grow c-GaN selectively on
3C-SiC/SiO; patterned surfaces and that GaN grows preferably in
a cubic crystal structure even at elevated growth temperatures up
to 950 °C. This result is surprising as regular cubic growth is per-
formed at about 760 °C and with an excess monolayer of Ga on the
surface during growth. Usually, the Ga coverage during growth is
controlled by RHEED intensity changes while adsorbing and des-
orbing Ga from the samples’ surface. Substrate temperature is tuned
carefully to achieve a sticking coefficient of 0.55 within a few °C.!%!!
At elevated growth temperatures, no significant drop in intensity of
the specular spot is observable, leading to the conclusion that Ga flux
is not high enough to maintain a metal-rich coverage of the surface.
Hexagonal GaN growth at elevated temperatures and N-rich con-
ditions was explained by Fernandez-Garrido et al.'” as a result of
excess active nitrogen on the growth surface, capturing and reincor-
porting Ga atoms originating from decomposition. Under Ga-rich
growth conditions, there is no excess active nitrogen available to
recapture decomposing Ga adatoms as they are all expected to be
incorporated into and used by the incoming Ga flux. This model also
agrees with our observation that the film thickness is not strongly

scitation.org/journal/adv

dependent on the substrate temperature if the used Ga-flux is con-
stant. Selectivity could be caused by a difference in strength or the
amount of free surface dangling bonds, or even both. The growth
series on Si substrates showed that GaN coverage vanishes from Si
first, followed by SiO,, with increasing growth temperatures. GaN
nucleates best on the very hot 3C-SiC surfaces. The accelerated des-
orption of Ga atoms, due to increased growth temperatures, from the
masks surface prevents noteworthy nucleation of GaN. When using
a thermal oxide (T-SiO;) as the mask material, good selectivity was
already achieved at substrate temperatures of 890 °C, which can be
explained by the smaller surface roughness of T-SiO; than PD-SiO.
Nevertheless, the GaN film on 3C-SiC did not coalesce to form a
closed film. This indicates a lower growth rate than samples masked
with PD-SiO;. The reason for this behavior remains unknown and
has to be investigated further. The growth mechanism of c-GaN at
substrate temperatures well above 800 °C is still a subject of current
research.

V. CONCLUSION

In summary, we investigated selective area growth of cubic
GaN by PAMBE using thermal and plasma deposited oxides. On
Si substrates, selective growth is shown to occur at substrate tem-
peratures above 870 °C on both SiO, masks. Nevertheless, growth
on Si substrates is not selective as the GaN coverage vanishes from
Si at lower temperatures than SiO,. The GaN deposited on Si is of
hexagonal phase. Phase pure cubic GaN could selectively be grown
on 3C SiC (001) pseudo-substrates patterned by both thermally and
plasma deposited SiO; masks. The necessary growth temperature
has to be raised to 930 °C. HRXRD and low temperature PL confirm
the zinc blende structure of the selectively deposited GaN as well
as the selectivity itself. The exact surface mechanisms causing SAG
remain unknown. SAG is explained by different Ga desorption rates
on different surfaces with different amounts or strengths of dangling
bonds.

ACKNOWLEDGMENTS

We gratefully acknowledge Jorg Lindner and Cedrik Meier
and their teams for technical support in the deposition and reac-
tive ion etching of the different oxides. Financial support was given
by Deutsche Forschungsgemeinschaft (DFG) to project As107/7-1
(Project No. 418748882).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

REFERENCES

TM. Abe, H. Nagasawa, S. Potthast, J. Fernandez, J. Schérmann, D. J. As, and
K. Lischka, “Cubic GaN/AlGaN HEMTSs on 3C-SiC substrate for normally-off
operation,” IEICE Trans. E89-C, 1057-1063 (2006).

2$. Li, J. Schérmann, D. J. As, and K. Lischka, “Room temperature green light
emission from nonpolar cubic InGaN/GaN multi-quantum-wells,” Appl. Phys.
Lett. 90, 071903 (2007).

3R. Liu and C. Bayram, “Maximizing cubic phase gallium nitride surface coverage
on nano-patterned silicon (100),” Appl. Phys. Lett. 109, 042103 (2016).

AIP Advances 11, 075013 (2021); doi: 10.1063/5.0053865
© Author(s) 2021

11, 075013-5


https://scitation.org/journal/adv
https://doi.org/10.1093/ietele/e89-c.7.1057
https://doi.org/10.1063/1.2475564
https://doi.org/10.1063/1.2475564
https://doi.org/10.1063/1.4960005

AIP Advances

“C. Bayram, J. A. Ott, K-T. Shiu, C.-W. Cheng, Y. Zhu, J. Kim, M.
Razeghi, and D. K. Sadana, “Cubic phase GaN on nano-grooved Si (100)
via maskless selective area epitaxy,” Adv. Funct. Mater. 24, 4492-4496
(2014).

5R. Kemper, “Cubic GaN on pre-patterned 3C-SiC/Si (001) substrates,” Ph.D.
thesis, University of Paderborn, 2014.

6B. Kunert, W. Guo, Y. Mols, B. Tian, Z. Wang, Y. Shi, D. Van Thourhout, M.
Pantouvaki, J. Van Campenhout, R. Langer, and K. Barla, “III/V nano ridge struc-
tures for optical applications on patterned 300 mm silicon substrate,” Appl. Phys.
Lett. 109, 091101 (2016).

7C.-W. Hsu, Y.-F. Chen, and Y.-K. Su, “Nanoepitaxy of GaAs on a Si(001) sub-
strate using a round-hole nanopatterned SiO, mask,” Nanotechnology 23, 495306
(2012).

8B. E. Deal and A. S. Grove, “General relationship for the thermal oxidation of
silicon,” J. Appl. Phys. 36, 3770-3778 (1965).

°N. L. of Health, Image]J, https://imagej.nih.gov/ij/download.html, 2018; accessed
20 November 2020.

19K. Lischka, D. Schikora, and D. J. As, “The molecular beam epitaxy of cubic I1I-
nitrides,” in Vacuum Science and Technology: Nitrides as Seen by the Technology,
edited by B. M. Tanya Paskova (Research Signpost, Kerala, 2002), Chap. 15, pp.
314-368.

ARTICLE scitation.org/journall/adv

p. J. As, “Growth and characterization of MBE-grown cubic GaN, In,Ga;_,N
and Al,Ga;_/N,” in III-Nitride Semiconductor Materials: Growth, edited by I. F. M.
O. Manasreh (Taylor & Francis, New York, 2003), Vol. 19, Chap. 9, pp. 323-450.
2M. Feneberg, M. Réppischer, C. Cobet, N. Esser, J. Schérmann, T. Schupp, D. J.
As, F. Horich, J. Blising, A. Krost, and R. Goldhahn, “Optical properties of cubic
GaN from 1 to 20 eV,” Phys. Rev. B 85, 155207 (2012).

"31. Tischer, M. Feneberg, M. Schirra, H. Yacoub, R. Sauer, K. Thonke, T. Wun-
derer, F. Scholz, L. Dieterle, E. Miiller, and D. Gerthsen, “I, basal plane stacking
fault in GaN: Origin of the 3.32 eV luminescence band,” Phys. Rev. B 83, 035314
(2011).

147 Mei, S. Srinivasan, R. Liu, F. A. Ponce, Y. Narukawa, and T. Mukai, “Prismatic
stacking faults in epitaxially laterally overgrown GaN,” Appl. Phys. Lett. 88,
141912 (2006).

155.-K. H. Takafumi Yao, Oxide and Nitride Semiconductors (Springer, 2009), p.
315.

TSM. Frentrup, L. Y. Lee, S.-L. Sahonta, M. ]. Kappers, F. Massabuau, P. Gupta,
R. A. Oliver, C. ]. Humphreys, and D. Wallis, “X-ray diffraction analysis of cubic
zincblende III-nitrides,” J. Phys. D: Appl. Phys. 50, 433002 (2017).

7S, Fernandez-Garrido, G. Koblmiiller, E. Calleja, and J. S. Speck, “In situ
GaN decomposition analysis by quadrupole mass spectrometry and reflection
high-energy electron diffraction,” J. Appl. Phys. 104, 033541 (2008).

AIP Advances 11, 075013 (2021); doi: 10.1063/5.0053865
© Author(s) 2021

11, 075013-6


https://scitation.org/journal/adv
https://doi.org/10.1002/adfm.201304062
https://doi.org/10.1063/1.4961936
https://doi.org/10.1063/1.4961936
https://doi.org/10.1088/0957-4484/23/49/495306
https://doi.org/10.1063/1.1713945
https://imagej.nih.gov/ij/download.html
https://doi.org/10.1103/physrevb.85.155207
https://doi.org/10.1103/physrevb.83.035314
https://doi.org/10.1063/1.2193352
https://doi.org/10.1088/1361-6463/aa865e
https://doi.org/10.1063/1.2968442

