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Dislocation reduction in GaN grown on porous TiN networks
by metal-organic vapor-phase epitaxy
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We report on the effectiveness of porous TiN nanonetworks on the reduction of threading
dislocations �TDs� in GaN grown by metal-organic vapor-phase epitaxy �MOVPE�. The porous TiN
networks were formed by in situ annealing of thin-deposited Ti films deposited ex situ on GaN
templates within the MOVPE growth chamber. Different annealing parameters in relation to surface
porosity of TiN networks were investigated. Transmission electron micrographs indicated
dislocation reduction by factors of up to 10 in GaN layers grown on the TiN nanonetwork, compared
with a control sample. TiN prevented many dislocations present in the GaN templates from
penetrating into the upper layer. Microscale epitaxial lateral overgrowth of GaN above TiN also
contributed to TD reduction. The surface porosity of the TiN network had a strong impact on the
efficiency of TD reduction. X-ray-diffraction and time-resolved photoluminescence measurements
further confirmed the improved GaN quality. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2170422�
I. INTRODUCTION

GaN and related nitrides have penetrated the market-
place in terms of short-wavelength light-emitting diodes and
detectors, in spite of the fact that the electrical, optical, and
structural properties of heteroepitaxial GaN are adversely af-
fected by non-native substrates on which nitride materials
are grown.1 The resulting heteroepitaxial GaN has a high
density of threading dislocations �TDs�, typically
109–1010 cm−2 depending on the growth method, unless spe-
cial measures are taken. The associated point defects cause
leakage current, scatter-charged carriers, hamper radiative re-
combination efficiency, and cause device instabilities.2 A
large body of theoretical and experimental data point to
many of the dislocations being electrically active, either due
to nonfully coordinated bonding configuration around the
dislocations and/or large local strain fields trapping charge
carriers and impurities or point defects. The high TD density
is increasingly detrimental to the performance of high-end
devices with more sophisticated structures such as laser di-
odes, or electronic devices operating with high power density
and frequency. Therefore, the reduction of defects in GaN
epilayers is still an important issue. A TD density of
109 cm−2 or higher is typical for GaN grown on sapphire
using AlN or GaN buffer layers due to large lattice and ther-
mal mismatch.3 Although SiC has smaller lattice mismatch to
GaN, the TD density of GaN grown on SiC is comparable to
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that of GaN grown on sapphire, because the thermal mis-
match is sufficiently large. Other possible substrates such as
ZnO and LiGaO2 produce inferior GaN material at this time.
The lowest TD density �5�106 cm−2� in GaN layer has been
obtained in freestanding GaN templates grown by hydride
vapor-phase epitaxy �HVPE�.4 Nevertheless, methods to re-
duce the defect concentration further during epitaxy of het-
erostructures even when freestanding GaN templates are
used are imperative.

The epitaxial lateral overgrowth �ELO� technique with
SiOx- or SiNx-patterned masks can significantly reduce TD
density and enable device-quality GaN epilayers to the
obtained.5 The ELO process requires ex situ photolitho-
graphic step�s�, where the frequency of the steps depends on
how many times the process needs to be repeated for a given
structure, which is both cumbersome and costly. To over-
come this drawback, several groups have reported on the
micro-ELO method using a discontinuous SiNx network de-
posited in situ as a mask.6,7 The SiN network is typically
deposited on the GaN layer by simultaneously introducing
silane and ammonia into a metal-organic vapor-phase epitaxy
�MOVPE� growth chamber. The in situ SiNx network growth
reduces costs because all processes can be performed con-
secutively within the growth chamber.

Self-separation of HVPE-grown GaN templates from
sapphire with the aid of a TiN interlayer was recently
reported.8 The relatively easy separation is attributed to voids
formed at the GaN/TiN interface. It was also observed that

some dislocations from the underlying GaN layer were

© 2006 American Institute of Physics8-1

o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2170422
http://dx.doi.org/10.1063/1.2170422
http://dx.doi.org/10.1063/1.2170422


033518-2 Fu et al. J. Appl. Phys. 99, 033518 �2006�
blocked from entering the upper layer by the TiN. A TD
density of �5–10��106 cm−2 was achieved for GaN grown
with TiN interlayer. However, the thickness of this HVPE-
grown GaN reached 300 �m, and TD density on the order of
106 cm−2 was already available for HVPE-grown GaN tem-
plate with similar thickness without any TiN interlayer.4 In
this particular case, due to the thickness of the layer, it is
unclear to what extent which the TiN interlayer is respon-
sible for the TD reduction. Thus, it would be useful to deter-
mine the efficiency of the TiN interlayer on TD reduction in
thin GaN layers grown by MOVPE. Other potential advan-
tages of applying a TiN interlayer in MOVPE process in-
clude TiN can be formed by in situ annealing of Ti films
inside the MOVPE growth chamber without photolitho-
graphic processing, and Ti may be inactive during GaN
growth and not act as undesired dopant. In the present paper,
we report on the MOVPE growth and characterization of
GaN layers on TiN porous networks. The TiN porous net-
work was obtained by in situ annealing of thin Ti films de-
posited on thin GaN templates ��1 �m�. Annealing param-
eters of TiN networks in MOVPE growth chamber have been
investigated with respect to different surface porosities by
scanning electron microscopy �SEM�. Reduction of TD den-
sity by more than one order of magnitude was obtained for
GaN grown on the TiN network, compared with control
GaN. Transmission electron microscopy �TEM� images re-
vealed that reduction of TD density resulted from dislocation
blocking by the TiN layers and subsequent microscale ELO
process of GaN on TiN. The improved GaN quality grown
on TiN was confirmed by time-resolved photoluminescence
�TRPL� and x-ray-diffraction �XRD� measurements.

II. EXPERIMENT

The TiN porous networks were formed by annealing thin
Ti films deposited on GaN templates in mixed gases of am-
monia and hydrogen. The GaN templates were grown on
c-face sapphire and �0001� 6H-SiC substrates. The SiC wa-
fers were annealed in H2 at 1500 °C to eliminate polishing
damage and to produce ordered atomic steps, followed by
etching in molten KOH for 10 s to reduce surface defects,
and dipping into a 1:10 HF acid solution for 1 min to remove
the surface oxide. GaN growth was performed in a home-
made vertical MOVPE chamber �radius of 5.5 in. and height
of 15 in.� with ammonia �NH3� and trimethylgallium

TABLE I. List of GaN templates and annealing t
1050 °C, and annealing gas ratios �NH3:H2� are 1:1

Sample GaN template

Ti-
thickness

�nm�

Control-I 1 �m GaN/AlN
buffer/SiC

¯

CVD481 10
CVD489 10

Control-II 0.7 �m ¯

T63 GaN/GaN 20
T68 buffer/Sapphire 20
�TMGa� as precursors for nitrogen and gallium, respectively.
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For all growth experiments, GaN epilayers were grown at
1030 °C at 76 torr reactor pressure. TMGa flows of
78 �mol/min were used, which would result in nominal pla-
nar growth rate of 1 �m/min. Ammonia flow rate was
0.31 mol/min and hydrogen was used as the carrier gas with
flow rate of 0.4 mol/min. Two sets of GaN templates were
chosen for this experiment: �1� 0.7-�m-thick GaN epilayers
grown on a 25-nm-thick low-temperature �550 °C� GaN
�LT-GaN� buffer on sapphire, and �2� 1-�m-thick GaN epil-
ayers grown on a 100-nm-thick high-temperature �1100 °C�
AlN �HT-AlN� buffer on SiC. The structure and growth con-
ditions of the templates used in this experiment are listed in
Table I.

Thin Ti films �10, 20, and 50 nm� were deposited on the
�0001� surfaces of GaN templates at room temperature by
electron-beam evaporation. The as-deposited Ti films were
flat and featureless under SEM observation. These samples
were then introduced into the MOVPE growth chamber, and
annealed in situ in mixed H2 and NH3 at 1070 °C under a
pressure of 200 Torr. Porous networks were formed on the
sample surfaces under proper annealing conditions.

The final GaN layers were grown on the TiN networks
by MOVPE at 1030 °C at 76 Torr. A V/III ratio of 4000 was
employed with a TMGa flow rate of 78 �mol/min and NH3

rate of 0.31 mol/min. 3-�m-thick GaN layers were grown
on the TiN networks for samples CVD481 and CVD489, and
13 and 7.5 �m GaN layers were grown on TiN for samples
T63 and T68, respectively. For comparison, two control
samples were also grown on the same templates using iden-
tical growth conditions but without the TiN layer, as listed in
Table I.

The surface of the TiN network was characterized using
a JEOL JSM 6060 SEM operating at 10 kV. TEM was em-
ployed to investigate the effectiveness of the TiN network on
TD reduction. The structural quality of the samples was
evaluated by measuring both the symmetric �0002� and

asymmetric �101̄2� XRD diffraction peaks using a Philips
X’Pert MRD system equipped with a four-crystal Ge �220�
monochromator. To study the radiative efficiency of GaN
grown on TiN, TRPL spectroscopy was employed at room
temperature using a 45 ps resolution Hamamatsu streak cam-
era. The 3.82 eV excitation was incident at 45° to the surface

�for all Ti-covered GaN, annealing temperature is
63 and 1:3 for other samples�.

Annealing
time �min�

GaN grown
on TiN
��m�

XRD FWHM

�0002�, �101̄2�
�arc min�

¯ 3.5 4.0,8.2
10 3 4.4,5.7
20 3 5.5,5.7

¯ 5 3.9,7.6
30 13 4.4,4.6
60 7.5 3.8,5.4
ime
for T
normal, and the TRPL was collected normal to the surface.
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III. RESULTS AND DISCUSSION

A. TiN formation

The surface porosity of the TiN networks was very sen-
sitive to the annealing atmosphere, annealing time, and Ti
thickness. After being annealed in pure NH3 �flow rate of
0.3 mol/min� for 30 min, the surface of Ti/GaN remained
flat with a few small pores. Based on the XRD analysis, this
nitrided Ti shows diffraction peaks of �111�-oriented TiN,8

suggesting the formation of a continuous TiN film on top of
the GaN. High-resolution TEM indicated that this TiN layer
was polycrystalline. In samples annealed in pure hydrogen
for the same duration, we observed peeling off of most Ti
films from the GaN, which may be due to the enhanced
decomposition of GaN below Ti without ammonia. Provided
a proper annealing time was used, porous TiN networks
could be obtained in mixed NH3 and H2 with gas ratios
ranging from 1:1 to 1:3.

We propose that formation of the porous TiN took place
over three stages. First, the Ti film was turned into TiN by
nitridation, as confirmed by XRD analysis and high-
resolution TEM observations. Second, the continuous TiN
layer got etched by hydrogen or decomposed at high anneal-
ing temperature. The etching or decomposition was likely to
be initiated from boundaries of TiN polycrystals because de-
fective regions are more active than others, which is consis-
tent with the appearance of enclosed chains of small holes on
the sample surface after several minutes of annealing. With
continued annealing, these holes became larger, accompanied
by the formation of new pores inside the grain boundaries.
Finally, GaN partially decomposes in these pores and the
porous TiN networks are formed.

Figures 1�a� and 1�b� show the surface morphologies of
TiN networks for samples CVD481 and CVD489. Both
samples have an identical template structure, i.e., 10 nm
Ti/1 �m GaN/100 nm AlN buffer/SiC, and both went
through the same annealing process except that CVD481 was
annealed for 10 min and CVD489 was annealed for 20 min.
The sizes of most pores on the surface of CVD481 are below
1 �m, and the pores are separated from each other by TiN.
Both the density and sizes of the pores increase with anneal-
ing time, as shown by CVD489. Another set of samples, T63
and T68 with 20 nm Ti/0.7 �m GaN/GaN buffer/sapphire,
exhibits similar porous TiN networks, as shown at higher
magnification in Figs. 2�a� and 2�b�. Detailed annealing pa-
rameters are again summarized in Table I. In T63 and T68,
some GaN in large holes decomposed completely down to
the sapphire substrate. The density of such holes is higher in
T68 than T63. Connected trenches, which isolate the flattop
GaN mesas, formed in T68.

While TiN networks could be obtained by depositing 10
and 20 nm of Ti, GaN templates coated with 50-nm-thick Ti
were resilient to annealing. After 155 min of annealing, most
of the surface remained flat except for a low density of large
holes etched down to the substrate. This TiN layer provides a
low density of overgrowth windows, making it difficult for

the overgrown GaN surface to coalescence. For example, the
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GaN grown on this thick TiN for 6 h ��8 �m� still showed
pinholes of more than 10 �m in diameter resulting from in-
complete coalescence.

B. Characterization by TEM

For GaN growth at high temperature on continuous TiN
layers obtained by annealing in pure ammonia, only sparse
hexagonal GaN islands were observed. This result suggests
poor wetting of the GaN nucleation layer on TiN, similar to
GaN growth on SiOx or SiNx.

9 For the porous TiN network,
GaN growth nucleates selectively at the pores by first filling
the voids inside the pores, followed by appearance of small
isolated GaN islands on the surface. With further growth,
adjacent GaN islands expand and coalesce forming mesas as
shown in Fig. 3. These mesas extend both vertically and
laterally on TiN, leading eventually to full coalescence. It
should be noted that the average distance between GaN is-
lands is 2–3 �m while submicron distances were observed
between many tiny pores in Figs. 1 and 2. This suggests that
although high density of tiny pores formed on the TiN net-
work, not all of them could act as effective nucleation sites.
Similar phenomenon could be observed in GaN growth on
TiN networks by HVPE �Ref. 8�. In that case, higher density
of small pores �average distance of less than 50 nm� was
formed on TiN networks on 300 nm MOVPE-grown GaN as
template, which was rather defective and easier to decom-

FIG. 1. SEM image of TiN networks on �a� CVD481, annealing for 10 min
and �b� CVD489, annealing for 20 min.
pose. However, most GaN nucleation sites grown by HVPE

o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



033518-4 Fu et al. J. Appl. Phys. 99, 033518 �2006�
on TiN network were reported to have a distance of
5–10 �m. This might be attributed to mass transport from
unstable tiny nucleation sites to larger nucleation sites.

Cross-sectional TEM observations were performed to in-
vestigate the mechanisms responsible for dislocation reduc-
tion. Conventional diffraction contrast images were obtained
using two-beam conditions in order to identify the different
types of TDs. Based on the visibility criteria g ·b�0, screw
and mixed type TDs are observable with g= �0002�, while

edge and mixed type TDs are observable with g= �112̄0�. For
given areas, images were obtained in the same region using
both g vectors. Figures 4�a� and 4�b� compare the cross-

FIG. 2. SEM image of TiN networks on �a� T63, annealed for 30 min with
NH3:H2=1:1 and �b� T68, annealed for 60 min with NH3:H2=1:3.

FIG. 3. SEM image showing GaN mesas initiated from pores on porous TiN

network.
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sectional, bright-field TEM images of GaN grown on TiN
network �CVD481� and the corresponding control sample. In
the GaN template below the TiN network, a much higher TD
density observed in Fig. 4�b� than that in Fig. 4�a�, suggest-
ing that the predominant TDs have edge-type component

�b= �112̄0� /3�, consistent with the data published earlier.10

However, most TDs emanating from the GaN template are

FIG. 4. Cross-sectional TEM images of CVD481 ��a� and �b�� and control
GaN ��c� and �d��. Images were taken under different conditions to show
screw or mixed dislocations in �a� and �c� �g=0002�, and edge or mixed

dislocations in �b� and �d� �g=112̄0�. Images of �a� and �b�, and �c� and �d�
come from almost the same areas, respectively.
blocked from penetrating to the upper layer by the TiN and
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the TDs above the GaN template are mainly mixed type
��70% �. This indicates that the number of TD blocked by
the TiN network is especially significant for edge-type dislo-
cations. Although a small fraction of TDs pass through the
network pores and enter the upper layer, many of them bend
nearly 90° during the ELO process and extend laterally, fi-
nally annihilating each other by forming half-loops, as indi-
cated by the dashed arrows in Figs. 4�a� and 4�b�. It is noted
that this dislocation interaction mechanism is observed to
occur more effectively in Fig. 4�b� within the first 0.2 �m
above the TiN. There are only a few TDs that extend further
away vertically, and occasionally reach the top surface. Dis-
continuous planar voids with submicron size are observed
above the TiN, due to ELO and poor wetting of GaN on TiN.
These voids result in the elimination of the interface between
TiN and the lateral overgrown GaN, which may help to re-
lease the interfacial stress and enhance the quality of coa-
lesced fronts, which is consistent with the previous
observations.11 For comparison, Figs. 4�c� and 4�d� show the
cross-sectional images of the control sample, which has no
discernible dislocation reduction above the initial template.

As shown in Fig. 2, the TiN network in sample CVD489
has higher density and larger sizes of pores compared with
CVD481 due to the longer annealing time. Figure 5 shows
the TEM images of GaN grown on CVD489. In this sample,
TDs were again effectively blocked by TiN and the ratio of
edge and mixed-type dislocations was the same as that of
sample CVD481. However, due to less TiN coverage on the
template, a larger number of TDs penetrate into the TiN net-

FIG. 5. Cross-sectional TEM images of CVD489 taken with �a� g=0002 to

show screw or mixed dislocations and �b� g=112̄0 to show edge or mixed
dislocations. Images of �a� and �b� come from almost the same areas.
work and continue to extend vertically. This result suggests
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that TiN networks from shorter annealing are likely to be
more efficient for TDs reduction. On the other hand, a larger
coverage of TiN �low density of nucleation sites� will render
coalescence of GaN surface more difficult to achieve by
MOVPE. In this vein, HVPE should be very suitable for
GaN growth on TiN networks due to its high growth rate. In
Ref. 8, the authors reported a 300-�m-thick GaN layer
grown on TiN by HVPE with a low etching pits density of
�5–10��106 cm−2. The authors of Ref. 8 reported the
mechanism of dislocation reduction by TiN in HVPE growth
to be very similar to than in MOVPE growth. However, they
did not provide any data from a control sample which could
have perhaps shed some light on clarify the efficacy of TiN
networks on dislocation reduction in HVPE growth.

Plan-view images of CVD489 and the control GaN are
shown in Fig. 6. Since edge-component dislocations are the
major type of dislocations in these samples, reasonable esti-
mation of the density could be made by directly counting the

FIG. 6. Plan-view TEM image of �a� CVD 489 and �b� control GaN taken at
�0001� zone axis showing edge-component dislocations.
number of defects present in these images. The control GaN
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grown without using TiN shows a high density of edge dis-
location arrays ��3�109 cm−2�, and a much lower density
of end-on mixed dislocations ��8�108 cm−2�. The plan-
view image of CVD489, on the other hand, shows signifi-
cantly lower ��10� � density of edge dislocations ��2
�108 cm−2�. This comparison clearly indicates the effective-
ness of TiN in reducing the edge dislocation density. How-
ever, the densities of mixed TDs of CVD489 are only two
times smaller �3�108 cm−2� than that of the control sample,
which may result from two causes. First, the number of
mixed TDs is already small �about 20% of the total disloca-
tions� in the GaN template below TiN. Therefore, the impact
of TiN in reducing the density of the mixed dislocations is
smaller. Second, in the control sample, the density of mixed
TDs drops with increasing thickness through dislocation re-
action such as the fusion mechanism.12 Moreover, the prob-
ability of mixed TDs reacting with each other is lower in
CVD489 because the TD density is already reduced by the
TiN, as shown in Fig. 5�a�. Furthermore, we cannot rule out

FIG. 7. Bright-field cross-sectional TEM image of �a� T63 and �b� T68 and
�c� control GaN, taken with multibeam condition to show all dislocations
present in the layers.
the possibility of dislocation generation at the coalescence
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fronts of GaN mesas on TiN, which may increase the mixed
TD density. We observed similar dislocation reduction effi-
ciency of the TiN network on the GaN templates on SiC
using GaN buffers.

Figure 7 shows the TEM images of GaN samples grown
on T63 and T68, and the control sample II. The template for
this set of samples is 0.7 �m GaN/LT-GaN buffer/sapphire
with predominantly edge-type TDs, similar to the GaN tem-
plate grown with HT-AlN buffer on SiC. Figure 7�a� shows
that both the windows, and TiN between the windows, have
an average size of �1 �m for T63, so that the TiN has a
surface coverage of �50%. The size of the windows in T68
increases to 3–4 �m with reduced TiN coverage.

Using plan-view images for the control sample grown
without the TiN layer, we found the dislocations were pre-
dominantly edge type ��1.5�109 cm−2� with less than 10%
screw dislocations ��1.3�108 cm−2�. In T63 we saw a sig-
nificant ��10� � reduction due to TiN of edge dislocations
��1.6�108 cm−2�, but the screw dislocations remain at the
same low level ��0.7�108 cm−2�. The edge dislocations in
T68 are reduced even more �by a factor of ��15– �0.9�
�108 cm−2�, while the density of screw dislocations remain
more or less the same ��1.4�108 cm−2�.13 It is noted that
these dislocation density values are measured from the very
top GaN layer. Since the dislocation density tends to de-
crease with layer thickness, and both T63 �13 �m� and T68
�7.5 �m� are thicker than the control sample �5 �m� �Table
I�, the amount of dislocation reduction due to the TiN layer
would be slightly smaller than these measured values. We
grew such thick GaN layers on the TiN/GaN/sapphire tem-
plates for the purpose of obtaining nearly coalescent top sur-
faces. However, on the TiN/GaN/SiC templates, a flattop
surface was obtained for a 3 �m overgrown GaN layer. This
difference may be attributed to different lateral growth rates
of GaN on different TiN/GaN/substrate templates, and re-
quires further study.

For GaN grown on TiN networks with longer annealing
times, Fig. 8 shows that voids exist not only above the TiN
but also below it. These voids below the TiN layer have a
round shape with sizes less than �0.3 �m. It was observed
that many adjacent TDs were attracted by the voids, which
consolidated them into a single TD which extended verti-

FIG. 8. Consolidation of dislocations at subsurface voids below TiN net-
work. The stacking faults resulted from horizontal movements of partial
dislocations.
cally. We believe that these voids evolve from the large hole
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inside GaN which completely decomposed during annealing.
GaN growth in these large holes was initiated and then pro-
ceeded laterally from the sidewalls, which induced bending
or inclination of TDs towards the centers of the holes. A
similar growth process was reported by Nitta et al.14 In some
regions, due to the rapid lateral extension of GaN on the TiN
layer, the holes were buried before refilling so that voids
were formed.

IV. XRD AND TRPL MEASUREMENTS

High-resolution x-ray rocking curves �� scan� show that
the GaN layers grown on the TiN networks have improved
crystalline quality as measured by the full width at half

maximum �FWHM� of asymmetric �101̄2� diffraction peaks,
as shown in Table I. This result is consistent with the �10
� reduction of TD density deduced from TEM observations,

since the FWHM of the �101̄2� diffraction peak is sensitive
to the both screw component and edge component TDs,
whereas �0002� diffraction is only sensitive to screw compo-
nent TDs. The slightly higher �0002� FWHM values of
CVD481 and CVD489 than that of the control sample can be
explained by the comparable density of screw TDs in these
samples. Similar explanation accounts for higher XRD
�0002� FWHM value of T63 than that of its control GaN.

Preliminary electrical measurements were made on these
GaN layers grown on TiN networks. The electron concentra-
tion and mobility of GaN grown with and without TiN net-
work are comparable. Experiments to improve the electrical
properties of GaN grown on TiN are in progress.

Figure 9 shows the TRPL results for a 6.8 �m GaN
grown on TiN network �using the same template on sapphire
as listed in Table I, but with 10 nm Ti and 15 min annealing�,
the control sample, and a HVPE-grown 200 �m freestanding
GaN. The GaN grown on the TiN network exhibits decay
times of ��1 ,�2�= �0.47 ns,1.86 ns�, which are significantly
longer than those of the control sample, and are comparable
to those of the freestanding HVPE GaN template. The longer
carrier lifetimes indicate that radiative efficiency of GaN can
be greatly improved by using TiN network. The detailed
TRPL investigation of GaN grown on TiN networks has been
reported elsewhere.15

FIG. 9. Normalized TRPL spectra for a 6.8 �m GaN grown on TiN net-
work, the control sample, and a freestanding GaN grown by HVPE. The
solid lines are biexponential fits to the data.
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V. SUMMARY

In summary, we have demonstrated that the density of
TDs in GaN, particularly edge/mixed-type TDs, can be effi-
ciently reduced by overgrowth on a porous TiN network ob-
tained by in situ annealing in the MOVPE growth chamber.
Transmission electron micrographs show that the TiN layer
is effective in blocking the extension of most TDs from the
underlying template. The microscale lateral overgrowth of
GaN above TiN also contributes to TD reduction. By varying
the TiN and subsequent annealing parameters, an order of
magnitude reduction in the TD density was obtained. XRD
and TRPL measurements further confirmed the improved
GaN quality resulting from the reduced TD density.
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