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ABSTRACT

Device quality InGaN templates are synthesized using the semibulk (SB) approach. The approach maintains the film’s 2D growth and avoids
the formation of indium-metal inclusions. The strain relaxation processes of the grown In,Ga; _,N templates are accompanied by variations
in the indium content (x) and lattice parameters (a and c) across the InGaN template’s thickness as the residual strain is continuously
decreasing. This strain and lattice parameters’ variation creates difficulties in applying standard x-ray Diffraction (XRD) and Reciprocal
Space mapping (RSM) techniques to estimate the residual strain and the degree of the elastic strain relaxation. We used high-resolution
High-angle annular dark-field scanning transmission electron microscopy and Energy-dispersive x-ray spectroscopy (EDS) to monitor the
variations of the indium content, lattice parameters, and strain relaxation across the growing In,Ga; ,N templates. We show that strain
relaxation takes place by V-pit defect formation. Some of these V-pits are refilled by the GaN interlayers in the In,Ga;_,N SB templates,
while others propagate to the template surface. We present an alternative approach combining photoluminescence (PL) and EDS for estimat-
ing the degree of strain relaxation in these In,Ga; N templates. The values obtained for the degree of relaxation estimated from TEM stud-
ies and PL measurements are within reasonable agreement in this study. Device quality In,Ga, _,N templates with x ~ 0.08, with a degree of

relaxation higher than 70%, are achieved.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139269

The development of long wavelength III-Nitride Light emitting
diodes (LEDs) based on (In,Ga;_,N/GaN) multiple quantum wells
(MQWs) grown on GaN is typically hindered by the reduced quantum
efficiency of the LEDs as the indium content (x) in the wells is
increased to achieve the required long wavelength. This reduction in
efficiency is attributed to the large lattice mismatch between GaN and
InN (11%), which results in high compressive strain on the InGaN
QWs. This strain induces a large piezoelectric (PZ) field in the active
region of the device, which causes the separation of the electron and
hole wavefunctions, resulting in low recombination probability, and
hence reduced quantum efficiency.” This strain and PZ field along
with the relatively poor InGaN film quality for a high indium content
required for green and red emission are believed to be the main cause
for the “green gap.”™

To tackle the green gap problem, the strain in the InGaN MQWs
needs to be reduced or eliminated by reducing the lattice mismatch
between the MQWs and the underlying template. Relaxed In,Ga; N
templates with the indium content close to that of the MQWSs represent
the optimum solution to alleviate strain. However, such templates are

still not available because of the challenges that exist in growing good
quality relaxed bulk InGaN films™” that are free from V-shaped pits and
indium-metal clusters and have atomically smooth surfaces” suitable
as templates for high indium content MQWs. Several groups have
reported different approaches to reduce strain in MQWs such as graded
InGaN buffer layers, ” using ScAIMgO, substrates,’ pseudo InGaN
templates separated from GaN films using the smart cut, and wafer
bonding approach.'’ These approaches, however, are limited to either
the low indium content in the In,Ga; N template or poor film proper-
ties. Thus, In,Ga;_,N QWs with a high indium content needed for
green and red emission are highly strained to these templates. Others
have reported using an (InGaN/GaN) superlattice (SL) between the
GaN buffer layer and the MQWs."”'* However, the SL has a low
indium content and the InGaN layers are only a few nm thick; hence,
the SL is fully strained to GaN and does not relieve the strain in the
MQWs albeit the device performance is improved by enhanced electron
injection. Another merit of strain reduction in the QWs is that it results
in higher indium incorporation in the wells compared to those grown
on GaN.""""” Thus, using InGaN templates allows for the growth of
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QWs at higher temperatures, relative to those grown on GaN, generat-
ing better quality films for the same indium content in the QWs.

In this work, we present our efforts to achieve relaxed In,Ga; N
templates and to investigate the relaxation processes across these tem-
plates where (0.06 < x < 0.12) based on the semibulk (SB) approach.
The SB templates are composed of several periods of (InGaN/GaN)
layers grown on a thick GaN buffer, where each InGaN sublayer is
capped by a GaN interlayer (~1-2 nm thick). The InGaN/GaN period
is then repeated multiple times to achieve the desired thickness for a
partially or fully relaxed InGaN template. The advantage of the GaN
interlayers is to backfill the V-pits generated in the InGaN film as it
relaxes. The GaN interlayer also incorporates segregated indium metal
clusters at the surface of the growing InGaN film to accomplish a sin-
gle phase InGaN template. Previous preliminary efforts in developing
InGaN templates using the semibulk (SB) approach were reported by
our group and others.””"”

Strain relaxation in InGaN templates is the primary goal toward
achieving relaxed InGaN templates. However, strain relaxation is
accompanied by a high density of defects. There are several suggested
mechanisms for strain relaxation in the bulk InGaN hexagonal wurtzite
films including formation of stacking faults, dislocation inclination dur-
ing growth, inclusion of cubic crystal structures as 3D growth, and V-pit
formation.””*****" Therefore, understanding the relaxation processes is
important for further development of relaxed InGaN templates.

In the current study, we investigated several growth parameters
that affect the relaxation process and film quality of InGaN templates.
TEM and EDS are used to follow changes in the indium content (x),
lattice parameter “a,” and degree of relaxation across the SB grown
film. We will demonstrate that relaxation occurs primarily through
V-pit formation and that these V-pits are refilled or partially filled by
the GaN interlayers during the semibulk growth. Photoluminescence
(PL) optical techniques along with EDS were also used to estimate the
degree of relaxation of the topmost InGaN templates.

All semibulk (SB) templates were grown on (0001) sapphire sub-
strates by Metal Organic Chemical Vapor Deposition (MOCVD) at
350 Torr with precursors of trimethylgallium (TMGa) and trimethy-
lindium (TMIn) in a hydrogen and nitrogen ambient for group III-
elements. The GaN nucleation layer was followed by 2 um of intrinsic
GaN and 2 pum of n-type GaN. The reactor temperature was then
reduced to grow the In,Ga; N layer, 20-35nm thick, followed by a
1-2 nm interlayer of GaN. The indium content was controlled by vary-
ing the growth temperature as has been presented elsewhere.'” '’

Three SB samples grown with 20 periods were investigated. The
first SB was intended to have x = 0.08 (8%SB) and 27 nm period thick-
ness estimated from the reactor growth parameters, and then it was
capped with three MQWs. The second SB has the same indium

scitation.org/journal/apl

content and period thickness as the first but without the MQWs to be
investigated by itself. The third SB was intended to have x=0.12
(12%SB) and 33 nm period.

High-resolution x-ray diffraction (HRXRD) was used to deter-
mine the SB periodicity. Growth surfaces were characterized by atomic
force microscopy (AFM). Optical emission of the SB templates was
evaluated by photoluminescence (PL) using a 325nm He-Cd laser.
Samples were prepared for electron microscopy using the silicon stack-
ing method™ paired with wedge polishing using an Allied High Tech
Multi-prep system. Argon ion milling was used as a final thinning
step. A probe-corrected FEI-Titan S/TEM was operated at 200 kV and
used for atomic resolution imaging and strain measurements through
the thickness of the film. The probe semi-convergence angle was 19.6
mrad and the collection inner semi-angle for the high-angle annular
dark-field scanning transmission electron microscopy (HAADE-
STEM) images was 77 mrad. The RevSTEM method was used to cor-
rect for sample drift during the acquiring 20 1024 x 1024 frames with
a probe dwell time of 3 us.”” A Thermo Fisher Scientific Talos F200X
S/TEM operated at 200kV was used for energy dispersive x-ray spec-
troscopy (EDS). Thermo Fisher Scientific Velox software was used to
measure the wells’ composition. The probe semi-angle was 19.6 mrad
and drift correction was applied throughout each acquisition. Using
Vegard’s Law and the indium content measured using EDS for each
InGaN layer, the relaxed a lattice parameter was calculated for each
layer. The atomic resolution HAADF images of the SB layers were
analyzed using 2D Gaussian fitting to locate peak positions, and the
lattice parameters averaged over the layer.”* Values were calculated
with respect to bulk GaN from the Epi layer. By averaging the lattice
parameters over a minimum of 500 data points per layer, the standard
error was minimized to allow conclusions to be drawn from the data.
The average a-parameter measured from HAADF-STEM images was
then used to determine the strain at each InGaN layer, and the degree
of relaxation was calculated across the sample.

Figure 1(a) shows the TEM of the 8%SB template capped with
three quantum wells. The SB shows consistent flat growth for the
InGaN/GaN layers across 20-periods. Each InGaN period is ~27 nm
thick; the GaN interlayers were intended to be 1.5 nm thick and show
minor irregularities in the *0.5nm range. Figure 1(b) shows
HAADEF-STEM data demonstrating the decrease in the indium con-
tent as a V-pit is formed along a dislocation and back filled with the
GaN interlayers. Figure 1(c) shows EDS along the line profile in
Fig. 1(b) demonstrating an increase in Ga-content and a decrease in
In-content as the V-pits are backfilled with the GaN interlayers. The
period thicknesses of 27 nm for sample 8%SB and 33 nm for sample
12%SB were confirmed using HRXRD (0 0 0 2) scans.

(c)

FIG. 1.(a) HAADF-STEM of sample
8% SB, showing a consistent flat growth
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generated V-pits. (c) EDS along the line
profile in (b) showing the backfill of the
V-pits demonstrates an increase in the Ga
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To investigate the relaxation mechanism of 8%SB, EDS was per-
formed to estimate the indium content across the film as shown in
Fig. 2(a). The atomic fractions were calculated using estimated
k-factors for indium and gallium, leading to an estimated 10%-20%
relative uncertainty. Results indicate an increase in indium incorpora-
tion in each successive InGaN layer. The SB has a varying indium
content that starts from x ~ 0.05 at the SB/GaN substrate interface to
x ~ 0.08 at the top 20th period. These values were in good agreement
with the SIMS data obtained for this sample. EDS data show that the
SB sample has three regions. The first region, close to the GaN sub-
strate, has nearly constant indium content. In the second region, the
indium content increases gradually as number of periods increase. In
the third region, the indium content levels off at a constant value. The
width of these regions depends on the growth conditions of the SB.
Notably, the transition between these regions corresponds to the
observed relaxation across the InGaN layers. Furthermore, also shown
previously, strain and growth mode can play a critical role in deter-
mining the shape of the non-abrupt indium concentration found in
each layer.”””* Using prior measured lattice data, we estimated the
degree of relaxation across the 8%SB sample, reported in Fig. 2(b). In
this figure, we also used Vegard’s law to calculate the lattice parameters
for relaxed InGaN for each of the indium content values obtained
from EDS using ag,n= 3.1892 A, ap.n=3.538 A, and bowing parame-
ter bycan=0.003 A.”” To account for the fluctuations in the indium
content measured by EDS in each InGaN/GaN period, the EDS data
were averaged over a range of 20 points for each InGaN layer of the 20
periods of the SB and then an uncertainty of =10% was used in the
calculations to produce the error bars shown in Fig. 2(b). The calcu-
lated a-parameter was then compared with the measured one. The
in-plane strain in the grown film decreases with increasing film thick-
ness as shown in Figs. 2(b) and 2(c). The value of “a” obtained experi-
mentally increases gradually and is close to that of fully relaxed InGaN
at the topmost layer with the indium content of x ~ 0.075 indicating a
high degree of relaxation. The degree of relaxation (R) across the

80 -
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40

20
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FIG. 2. (a) EDS measurement of 8% SB
showing the gradual variation of indium
content across the depth of the sample. (b)
Lattice parameter “a’” measured using
HAADF-STEM data, compared to the calcu-
lated relaxed lattice parameter using Vegard's
law for indium content determined from the
EDS data. (c) Degree of relaxation as a func-
tion of the deposited layer using the measured
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and calculated lattice parameters.

8%SB sample was deduced from the indium content measured by
EDS and the corresponding “a” data in Fig. 2(b) using™®
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The results are shown in Fig. 2(c). From the figure, ~85% relaxed
InGaN template with x ~ 0.075 is achieved. The error bars account for
the error in the degree of relaxation due to uncertainty in the EDS
measurement and the accuracy of the measured lattice constants. In
addition, the InGaN/GaN interfaces were examined with the atomic
resolution HAADF-STEM, and flat surfaces were noted for each layer
with the exception of the V-pit regions.

STEM data for sample 12%SB are shown in Fig. 3. The InGaN
regions are shown with higher intensity due to the Z-Contrast sensitiv-
ity of HAADF-STEM imaging. The sample has a period of 33 nm in
agreement with period obtained from HRXRD (0 0 0 2) scan. The
indium content across the film was determined using SIMS measure-
ment showing a similar trend to the EDS data of sample 8%SB. The
SIMS data in Fig. 3(c) show that the indium content of 12%SB starts at
X ~ 0.08, and then gradually increases with growing periods until
reaching x ~ 0.11 at the topmost period. Our preliminary TEM studies
for 8%SB and 12%SB show that the dominant source of dislocations in
the film is the dislocations formed at the GaN/sapphire interface. Most
dislocations shift direction at the SB/GaN interface as labeled by the
arrow in Fig. 3(b), while fewer shift direction further in the SB stack,
due to strain. The high density of dislocations, on the order of magni-
tude of 10° cm ™, form at the GaN sapphire interface due to the non-
optimum growth conditions of the low temperature GaN buffer layer.

Figures 1 and 3 illuminate the mechanism taking place during
the growth and relaxation processes of SB templates as follows. The
first several periods are strained to the GaN substrate. This strain is a
consequence of the stored strain energy in the SB template not being
large enough to initiate relaxation by the formation of V-pits or misfit

GaNSB

Indium content (x)

Epi GaN

(c)

FIG. 3. (a) HAADF-STEM demonstrating
the propagation of threading dislocations
from the Epi GaN through the 12% semi-
bulk. (b) Demonstrating the deflection of
dislocation direction at the interfaces of
InGaN-GaN. (c) SIMS Depth profile of sam-
ple 12%SB showing the gradual increase in
the indium content in the growth direction.
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FIG. 4. Wavelength vs indium content for different values of strain. The inset shows
normalized PL measurements for both samples 8%SB and 12% SB.

dislocations. Midway through this structure, though, V-pits start to
appear along the track of several threading dislocations as shown in
Figs. 1(b) and 3(b). These V-pits are backfilled with GaN during the
growth of the interlayers. The V-pits are varying in size initially about
60 nm wide and 10-20 nm deep. Since these open hexagonal inverted
pyramids are defined by six (10-11) planes, they are deeper and wider
as they get closer to the surface. The back filling is a result of the higher
growth rate of GaN on the pit facets as compared to that in the (0001)
growth direction. In layers where the V-pit does not fully backfill,
InGaN growth is slowed by reduced Ga incorporation on the pyramid
walls.”’ Details of V-pit filling by the GaN interlayers are clearly
observed in Fig. 1, the GaN interlayers have darker contrast than
InGaN films. The composition of the interlayers is verified by EDS as
shown by line profile results in in Fig. 1(c). The V-pits within the SB
are filled with GaN; however, as the V-pits get wider and deeper, only
partial V-pit filling was achieved as shown at the top V-pit in Fig. 1(a).
The process of pits formation and back filling continues until the SB
template surface is reached as shown in Fig. 1.

The observed gradual relaxation process shown in Fig. 2 can
impact results achieved from the different characterization techniques
traditionally used to address degree of strain relaxation. For example,
the x-ray reciprocal space mapping (RSM-XRD) technique has a pene-
tration depth of several micrometers. Thus, RSM data for SB templates
reflect the variations in the lattice parameters across the entire SB film,
resulting in a broad reflection that shows both a high intensity peak for
the bottom strained layers with low indium content and a less intense
peak for the more relaxed topmost layers with higher indium con-
tent.'” On the other hand, PL technique uses a He-Cd laser with a pen-
etration depth less than 100 nm. Thus, the PL signal can be attributed
to emission resulting from the topmost relaxed layers and can be used
to estimate the degree of relaxation of the topmost layers for a given
indium content, whereas RSM-XRD data represent more of an average
across the ~0.5um SB template. The degree of relaxation of the top-
most layers in these templates is the factor that influences the strain
state in the MQWSs when these SB templates are used as substrates.

The inset in Fig. 4 shows the PL emission spectra from the 8%SB
without MQW and 12%SB emitting at 406 and 438 nm, respectively.
The longer emission wavelength from 12%SB is a result of the higher
indium content. In order to estimate the degree of relaxation from PL

scitation.org/journal/apl

12 nm

FIG. 5. AFM image of 2 x 2 um? 8%SB without an MQW structure on it showing a
RMS roughness of 1.3 nm.

data, we compared the PL emission with the reported bandgap data for
strained and relaxed InGaN by Parker et al”’ The model, shown in
Fig. 4, was developed'” using Parker’s data to predict the degrees of
relaxation (residual strain) from the PL wavelength for a given indium
content (x). From the EDS data in Fig. 2(a), the indium content of the
top layers for 8%SB has an average of x=0.075 with a =10% uncer-
tainty; using this indium content with Fig. 4, the 406 nm emission
corresponds to a degree of relaxation of (~50%-100%) with a mean of
75%. For 12%SB, SIMS data in Fig. 3(c) show a maximum indium con-
tent of x=0.112 £ 0.011 for the topmost periods; using this indium
content with the 438 nm emission corresponds to a degree of relaxa-
tion of (~80%-100%), practically fully relaxed as shown in Fig. 4.

The AFM micrograph for an 8% SB without MQWs grown on
top of it, shown in Fig. 5, reveals an RMS roughness of about 1.3 nm.
Thus, from the above results, an InGaN template (~0.5um) with
x ~0.08 is ~70% relaxed has low surface roughness and is ready as a
substrate for further epitaxial growth of nearly lattice matched struc-
tures. An AFM micrograph for 12%SB showed RMS roughness of
6.5 nm. Therefore, more work is under way to optimize the growth of
higher indium content SB templates with smoother surfaces.

In summary, we used the semibulk approach to synthesize device
quality InGaN templates. The approach relies on the growth of thick
~25nm InGaN followed by 1nm GaN interlayer. The approach
maintains the 2D growth, avoids the formation of indium metal inclu-
sions, and enhances the refilling of the V-pit defects. TEM, EDS, and
high-resolution STEM were used to monitor the variations of the
indium content and lattice parameter “a” across the grown InGaN
templates. These data were used to calculate the degree of relaxation
across the InGaN templates, showing a variation from ~30 to ~85%
from the bottom layers to the topmost layers. We also show that strain
relaxation takes place by V-pit defect formation and with minimal for-
mation of new dislocations. Some of these V-pits are refilled by the
GaN interlayers, while others propagate to the template surface and
result in surface pits. PL was used as a non-destructive substitute for
measuring the degree of relaxation. The PL emission wavelength, for a
given value of (x), can be correlated with the bandgap and, thus, the
strain in the film. The degree of strain relaxation estimated from
STEM studies and PL measurements is within reasonable agreement
in these preliminary results. Device quality InGaN templates with
x ~ 0.08 with a relaxation of ~70% are achieved.
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