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Among the major obstacles for development of non-polar and semipolar GaN structures on foreign
substrates are stacking faults which deteriorate the structural and optical quality of the material. In
this work, an in-situ SiN, nano-network has been employed to achieve high quality heteroepitaxial
semipolar (1122) GaN on m-plane sapphire with reduced stacking fault density. This approach
involves in-situ deposition of a porous SiN, interlayer on GaN that serves as a nano-mask for the
subsequent growth, which starts in the nanometer-sized pores (window regions) and then pro-
gresses laterally as well, as in the case of conventional epitaxial lateral overgrowth (ELO). The
inserted SiN, nano-mask effectively prevents the propagation of defects, such as dislocations and
stacking faults, in the growth direction and thus reduces their density in the overgrown layers. The
resulting semipolar (1122) GaN layers exhibit relatively smooth surface morphology and improved
optical properties (PL intensity enhanced by a factor of 5 and carrier lifetimes by 35% to 85% com-
pared to the reference semipolar (1122) GaN layer) which approach to those of the c-plane in-situ
nano-ELO GaN reference and, therefore, holds promise for light emitting and detecting devices.

©2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945770]

I. INTRODUCTION

GaN layers of semipolar and nonpolar orientations have
gained a great deal of attention owing to the suppression or
reduction of spontaneous and piezoelectric polarization
induced-quantum confined Stark effect (QCSE)."™ The ability
to achieve heteroepitaxial semipolar (1122) GaN having sub-
stantially reduced polarization on relatively inexpensive pla-
nar m-plane sapphire substrates™® makes this semipolar
orientation attractive for efficient and relatively cost-effective
light emitting devices. Moreover, the interest in the (1122)
orientation is additionally fueled by theoretical works’™ pre-
dicting enhanced In incorporation efficiency supported by
recent experimental reports,''!" which makes (1122) struc-
tures particularly attractive for green light emitters. Despite
the promises for future generations of long wavelength emit-
ters based on semipolar (1122), heteroepitaxy of this orienta-
tion of GaN on m-plane sapphire suffers from high density of
extended defects, such as stacking faults (SFs)'? and threading
dislocations (TDs), resulting in low structural and optical
quality.

Defect reduction methods such as epitaxial lateral over-
growth (ELO), inclusive of both in-situ'>" and ex-situ'®"’
varieties, which have been successfully used for c-plane GaN
heterostuctures, are gaining popularity to improve optical and
structural quality of semipolar structures intended for device
applications. Up to now, the most common approach to
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improve the quality of (1122) GaN is the growth on patterned
sapphire'®? or Si*® substrates. Although considerable pro-
gress was achieved in this field, the pattering process involves
standard lithography, wet or reactive ion dry etching, and
SiO, mask deposition, which is costly and time-consuming.
On the other hand, the in-situ ELO method, also referred to as
“nano-ELO,” relies on in-situ deposition of thin porous SiNy
which acts as a mask and blocks extended defects.'*'>*’ This
method is of great interest, because it does not require special
preparation of substrates and potentially reduces the produc-
tion cost. Today in-situ nano-ELO growth of c-plane oriented
GaN templates on sapphire and Si is widely used in LED
industry. This approach has been demonstrated to be effective
in case of polar c-plane,">">*’ and nonpolar a-plane,**°
while the reports on defect reduction for the (1122) orienta-
tion with this method are rare.?>=%-2

Previously, we have reported on the improvement of op-
tical and structural quality of semipolar (1122) GaN layers
by means of inserting nano-porous SiN, interlayers.” In this
work, we have further demonstrated optimization of the in-
situ nano-ELO technique with the use of SiN, interlayers de-
posited at higher temperatures in order to provide relatively
smooth surface morphology required for device applications
while offering improved optical quality.

Il. EXPERIMENTAL PROCEDURE

The (1122)-oriented semipolar GaN layers used in experi-
ments were grown on m-plane sapphire substrates in a vertical
metal-organic chemical vapor deposition (MOCVD) system

© 2016 AIP Publishing LLC
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with trimethylgallium (TMGa), trimethylaluminum (TMALI),
and ammonia (NHj3) as the Ga, Al, and N precursors, respec-
tively. SiH, gas was used for both Si-doping of the GaN layers
and in-situ deposition of porous SiNy interlayers. The growth
progress was as follows: First, a thin (~20nm) AIN nucleation
layer was deposited on the substrate at a substrate temperature
of 500°C followed by a ~I1-um-thick GaN layer grown at
30 Torr and 1060 °C, which produces (1122) orientation and
ensures good surface morphology. Then, a ~2.5-um-thick
GaN layer was grown at 200 Torr and 1040 °C to improve the
optical quality. For the subsequent nano-ELO, the growth was
interrupted to deposit a very thin porous SiNy layer in a flow
of SiH, and ammonia at a substrate temperature of 1040°C
and a reactor pressure of 200 Torr. A GaN seed layer was then
grown for 20min at the same pressure and temperature
(Figure 1). Compared to our previous work,*® the SiN, inter-
layer was deposited at an elevated substrate temperature,
which resulted in lower pore density in the SiN, interlayers
for a given deposition time. In our experiments, we varied the
SiN, deposition time from 1 to 3 min, keeping all other condi-
tions the same. For the same deposition temperature, the lon-
ger the SiN, deposition time is, the lower the pore density
will be in the nano-mesh. Thus, for this set of experiments,
depending on the SiN; deposition time, different porosity
of the SiNy layers and, consequently, various densities of
GaN islands were obtained, as illustrated schematically in
Figures 1(a)-1(d). Finally, the GaN layers were overgrown at
200 Torr and 1040 °C and doped with Si to ~2 x 10"¥cm ™ at
200 Torr reactor pressure to achieve the highest optical
quality.

Seed Layer

| SiNx Interlayer |

m-Sapphire

FIG. 1. Schematic drawing of the seed layer stage in the nano-ELO process,
the density of nucleation islands increases (SiNy deposition time decreases)
from (a) to (d).
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The total thickness of the GaN stack is 11.5 um for all
the samples. In this study, we used two reference samples.
One is a c-plane GaN film which has been grown with the
same in-situ nano-ELO technique on c-sapphire.'? The sec-
ond reference sample is a semipolar (1122) GaN film grown
on m-sapphire but without the SiN, interlayer (referred to as
the (1122) GaN template). To provide a fair comparison of
semipolar nano-ELO structures, the total thickness of the ref-
erence films was chosen to be similar.

Scanning electron microscopy (SEM) and atomic forced
microscopy (AFM) were used to examine surface morphol-
ogy. Optical properties of the layers were evaluated using
steady state and time-resolved photoluminescence (PL). The
steady-state PL. measurements were performed using HeCd
laser excitation (A=325nm) for which the samples were
mounted on a closed-cycle He-cooled cryostat for low tem-
perature measurements. For the time-resolved PL (TRPL)
measurements, a frequency-tripled pulsed Ti-sapphire laser
(265 nm excitation) with a pulse-width of 150fs and an exci-
tation spot diameter of ~50 um and a Hamamatsu streak
camera with 25 ps resolution were utilized. Cross-sectional
scanning transmission electron microscopy (STEM) was uti-
lized to evaluate the role of SiN interlayer in blocking the
extended defects. The STEM analyses were performed in a
scanning transmission electron microscope FEI (S)TEM
Tecnai F20 equipped with a bright-field annular detector
(BF) by the Gatan company. The sample was prepared in
cross-section by mechanical wedge polishing combined with
Ar-+ion milling. Detailed information about the experimental
setup and sample preparation can be found elsewhere.**

lll. RESULTS AND DISCUSSION

To study the initial stage of the overgrowth on the SiN,
nano-mesh (Figure 1), the growth was stopped after 20 min of
GaN on SiN, and the samples were unloaded for surface mor-
phology investigation under an optical microscope and SEM.
The samples were then loaded back into the MOVCD chamber
and the growth was resumed. Figures 2(a)-2(c) compare the
surface morphology of the semipolar GaN samples overgrown
for 20min on the templates with different SiN, deposition
times. To reiterate, the porosity of the SiN, layer is dependent
on the deposition time: the shorter is the SiNx deposition time,
the higher is the pore density in the nano-mesh, and GaN
nucleates on the sites corresponding to the pores in SiNj layer.
Therefore, the density of nucleated GaN islands represents the
porosity of the SiN, nano-porous mask. The GaN layer on the
1-min SiN, nano-mesh (Figure 2(a)) is fully coalesced after
20 min of growth (similar to case d in Figure 1), since the pore
density, and consequently the density of GaN nuclei, is the
highest in this case. The GaN layer on the 1.5-min SiNy
(Figure 2(b)) is partially coalesced (similar to case ¢ in Figure
1), and the surface of the sample with 3-min SiNy (Figure 2(c))
is covered with GaN islands that were nucleated in the pores
with relatively low nucleation density (similar to the case b in
Figure 1). Figure 2(d) shows an SEM image of the GaN islands
on the template surface.

Figure 3 shows optical microscope images of the final
surfaces of the 11.5 um-thick nano-ELO samples. One can
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FIG. 2. Optical microscopy images of
(1122) GaN layer surface after 20 min
of GaN growth on (a) 1-min, (b) 1.5-
min, and (¢) 3-min SiN interlayers.
(d) Inclined view SEM image of semi-
polar (1122) GaN seeds on porous
SiNx interlayer.

FIG. 3. Optical microscopy images of the final surface morphologies of in-situ nano-ELO (1122) GaN layers grown with SiN, interlayers deposited for (a)
1.0, (b) 1.5, and (c) 3.0 min.

500 nm 500 nm

0.0 nm 0.0 nm

FIG. 4. AFM images of the semipolar
1.0'min SiN, (1122) GaN layers grown on m-
sapphire using porous SiNx interlayer
with (a) 0.0 min (reference), (b) 1.0 min,
(c) 1.5min, and (d) 3.0min deposition
times. Note that the vertical scales are
500 nm except for (d) which is 5.0 um.

without:SiN,

500 nm (d) [ 5.0um

0.0 nm 0.0 um

1.5min SiN,

3.0 min SiN,
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FIG. 5. (a) Low-temperature (25K)
and (b) room-temperature PL spectra
for in-situ mano-ELO (1122) GaN
structures with SiNy interlayers depos-
ited for 1.5min and 3 min in compari-
son with spectra for (1122) GaN/m-
sapphire template without SiNy inter-
layer and c-plane nano-ELO GaN film.
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see that the samples with 1- and 1.5-min SiN; interlayers
have fully coalesced surface with arrow-like features elon-
gated in the [1123] direction of GaN (Figures 3(a) and 3(b)),
which is a characteristic of (1122) GaN layer surface.’® The
sample with 3-min SiNy interlayer, however, suffers from
holes and rough V-shaped features (Figure 3(c)). AFM
images of the samples with 1.0-, 1.5-, 3.0-min SiNy inter-
layers and the reference (1122) GaN template are displayed
in Figure 4. The root-mean-square (rms) values measured on
50 um x 50 um areas are 53, 34, 50, and 251 nm for layers
having 0, 1.0, 1.5, and 3.0 min SiN, deposition times, respec-
tively. Thus, the sample with the shortest SiNx deposition
time shows the best surface morphology.

Figure 5(a) shows low-temperature (25 K) PL spectra of
the samples under study. One can see that the spectrum for
the (1122) GaN template grown without the SiN, interlayer is
dominated by a peak centered around 3.425eV (362nm)
related to basal plane stacking faults (BSFs),*”*® while donor-
bound exciton (DOX) emission is seen only as a weak shoulder
at 3.464eV (358 nm). It should be mentioned that the BSF
density in the layer can be correlated to the ratio of DX-to-
BSF related intensities rather than to the BSF intensity by
itself, as the BSF emission intensity can also be suppressed
due to higher density of nonradiative centers, which include
point defects and dislocations. The low value of the ratio of
D"X-to-BSF emission intensities is indicative of a large con-
tribution from BSFs, thus suggesting their high density in the
reference sample. It should be noted that the overall PL inten-
sity, to the large extent, is limited by the density of disloca-
tions (which are nonradiative defects), rather than stacking
faults (which are optically active). For the sample grown with
1.5-min SiNy, the intensity of both BSF-related and DX low-
temperature PL lines as well as room-temperature PL intensity
(Figure 5(a)) considerably increase compared to the reference
sample grown without SiN,, although the D°X-to-BSF inten-
sity ratio improved only slightly compared to the reference
sample. This implies that the 1.5-min SiN, nanomesh effec-
tively blocks dislocations rather than BSFs. Employment of
the 3-min SiN, interlayer improves the D’X-to-BSF intensity
ratio, thus suggesting the reduction in the BSF density in this
sample. However, as apparent from the low-temperature PL
spectrum (Figure 5(a)), the BSF density is still high.

Figure 5(b) compares the room-temperature PL spectra
obtained from the in-situ nano-ELO (1122) GaN films with
those from the (1122) GaN reference sample without any

3.4 3.6

Photon Energy (eV)

SiN, interlayer and the c-plane nano-ELO reference sample.
One can see that the introduction of the SiNj interlayer consid-
erably improves the room-temperature PL intensity; the emis-
sion intensity from the sample with 1.5-min interlayer is only
3.8 times lower than that for the c-plane nano-ELO layer,
while the PL intensity from the (1122) GaN reference sample
without the SiNy interlayer is approximately 20 times lower,
suggesting that a PL intensity improvement by more than 5
times is obtained by applying the nano-ELO technique. It
should be mentioned that the PL intensity is improved by a
factor of 2 (on average) compared to the layers obtained in a
previous study™ which were grown at a lower SiN, deposition
temperature (by 15 °C). We can explain this improvement by
the fact that the increase in SiNy deposition temperature results
in less porous nano-mesh, which more effectively blocks the
nonradiative defects. In addition, the surface morphology is
significantly improved compared to our structures reported
earlier.”

To investigate the effect of in-situ nano-ELO on carrier
dynamics, we have performed time-resolved PL (TRPL) meas-
urements. Figure 6 depicts PL transients for the (1122) GaN
samples with SiN, interlayers measured with an excitation
power density of 240 W/cm?® at room temperature. As seen
from the figure, the transients exhibit single exponential decay.
We have found that, while (1122) GaN layers grown without
SiNy interlayers but with identical total thickness exhibit a fast
decay of about 0.15ns, the PL decay times for the nano-ELO
semipolar samples are longer by 35% to 85% (with 0.20 and
0.27 ns for the samples with 1.5- and 3.0-min SiNy interlayers,
respectively), although still shorter than that for the polar c-
plane reference layer (0.66 ns). Thus, the TRPL data also indi-
cate that the nano-ELO technique results in considerable
improvement of the optical quality of semipolar material.
Moreover, the increase in carrier lifetime as a function of SiN
deposition time (demonstrated in the inset of Figure 6) is con-
sistent with the reported data on the optimization of nano-ELO
technique for the case of c-plane GaN grown on ¢-sapphire."

The reduction in BSF density due to the SiNj interlayer,
as concluded from the enhancement of the DX emission
with respect to BSF-related PL line (see Figure 5(a)), is also
supported by STEM data. Figure 7 shows a cross-sectional
bright field STEM image of a semipolar nano-ELO structure
grown at a lower SiNy deposition temperature of 1025°C
(more details can be found elsewhere®). A high density of
basal plane stacking faults running at an angle of 58.4° with
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plane GaN film prepared by the in situ
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for comparison. Solid lines are expo-
nential fits. The inset demonstrates cor-
relation between room temperature PL
decay time and SiN, deposition time,
and consequently, seed morphology.
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respect to semi-polar surface can be clearly seen in darker
contrast in the bottom GaN layer. Importantly, it is clearly
seen that the BSFs are locally blocked fairly efficiently at the
SiN; interlayer resulting in a significantly reduced BSF den-
sity in the upper semi-polar GaN layer. The improvement in
BSF density for the nano-ELO layer (above the nano-mesh)
compared to the semipolar template (below the nano-mesh)
correlates with the improvement in the DX-to-BSF intensity
ratio for the nano-ELO compared to the reference semipolar
layer. In the low-temperature PL spectrum exhibited by this

1 (11-22) GaN

FIG. 7. Cross-sectional STEM image in bright field contrast of in-situ nano-
ELO (1122)-oriented semipolar GaN layer grown on 2-min SiNy nano-mesh
deposited at 1025 °C.

sample (not shown), the D"X-to-BSF intensity ratio was
improved by a factor of 4 compared to the reference (1122)
layer without nano-mesh.

The data obtained indicate that the insertion of the SiNy
interlayer improves the surface morphology as well as opti-
cal properties of the overgrown (1122) GaN layer. However,
there is a trade-off between surface morphology and optical
quality; the increase in SiNy deposition time improves the
optical quality with the cost of increase in surface roughness.
More extensive studies of the semipolar nano-ELO structures
by means of cross sectional STEM in combination with spec-
trally and spatially resolved cathodoluminescence are in pro-
gress, and the results will be reported elsewhere.

IV. CONCLUSIONS

In summary, employment of the in-situ nano-ELO tech-
nique leads to semipolar (1122) GaN layers with relatively
smooth surface morphology and optical properties (PL inten-
sity and carrier lifetimes) approaching to those of the c-plane
GaN. An enhancement in the room-temperature photolumi-
nescence intensity by a factor of 5 has been attained for
layers with SiN, nanomesh compared to the layer with iden-
tical total thickness but without the SiNj interlayer. The
recombination lifetime was found to increase from 150 to
270 ps with the deposition time of the SiN, nanomesh when
a 3 min SiNy interlayer was used.
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