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Advanced electron microscopy techniques are combined for the first time to measure the
composition, strain, and optical luminescence, of InGaN/GaN multi-layered structures down to the
nanometer scale. Compositional fluctuations observed in InGaN epilayers are suppressed in these
multi-layered structures up to a thickness of 100 nm and for an indium composition of 16%. The
multi-layered structures remain pseudomorphically accommodated on the GaN substrate and
exhibit single-peak, homogeneous luminescence so long as the composition is homogeneous.

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907210]

I. INTRODUCTION

Group-III nitride binary compounds and their alloys span
energies between 0.7eV (indium nitride, InN) and 6.04eV
(aluminum nitride, AIN) with a direct band gap, making them
a choice material for a variety of optoelectronic applications
in the visible, near, and deep UV regions. Examples of their
current applications include white-light emitting diodes
(LEDs) for solid-state lighting, and blue laser diodes for
high-density optical storage.'™ Photovoltaic energy conver-
sion is another field, where this group of materials shows
great promise.®'? Indium gallium nitride (InGaN) alone can
match all energies from 0.7eV to 3.42¢V, i.e., more than
80% of the AM1.5 solar spectrum.”‘14 Moreover, InGaN
alloys have been shown to exhibit very high absorption over
the whole composition range, and superior thermal, chemical,
and mechanical stability."?

Despite such attractive properties, InGaN solar cells have
yet to achieve the success of other group-III nitride optoelec-
tronic devices. The difficulty here lies in producing InGaN
epilayers that meet the requirements for high-efficiency cells
in terms of indium content and epilayer thickness. For
instance, for a single-junction cell to achieve maximum
conversion efficiency, one would need an InGaN alloy that
contains 54% indium."®!” For a top junction in an ideal two-
junction tandem cell with Si, a 46% InGaN alloy'® would be
optimal. Finally, in a six multi-junction solar cell, the top cell
would require alloys in the range of 10% to 20%."° In all
cases, and despite the high absorption coefficients reported for
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InGaN alloys, 100 to 200 nm of InGaN would be necessary
for the full absorption of incident sunlight.**~>*

Many groups, including the present authors, have
reported the growth of InGaN epilayers with indium contents
in the range of 30%—-50%, and thicknesses between 150 nm
and 500 nm.**~*" The reported epilayers, however, invariably
suffer from the following issues with respect to material
quality: high surface roughness; large compositional fluctua-
tions; high defect densities, presumably caused by strain
relaxation. Interestingly enough, depth-resolved studies of
these epilayers revealed that the first 20 nm of growth forms
a high-quality sublayer.32 Although the average composition
is lower than that measured for the subsequent growth of
InGaN, this sublayer is compositionally homogeneous.
Moreover, the sublayer remains pseudomorphically accom-
modated on GaN, and thus has no additional structural
defects besides those already present in the substrate; finally,
it exhibits intense and single-peak optical emission.
Promoting the growth of this initial sublayer would therefore
be highly desirable, as the resulting epilayer would meet all
the requirements for the use of InGaN in solar cells.

Recently, Pantzas er al.*® proposed that periodically
inserting thin barriers of GaN during InGaN growth could
potentially promote the growth of high-quality InGaN. This
proposition was based on the assumption that the roughening
of the surface of InGaN, compositional fluctuations, and
strain relaxation are all linked to the segregation of indium at
the surface of the growing film. The barriers are inserted to
vent the excess indium accumulated at the surface and reset
the growth conditions to those of the initial, high-quality
sublayer. This process is referred to as quasi-bulk growth of

© 2015 AIP Publishing LLC
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FIG. 1. HAADF-STEM images of the
first pair of InGaN epilayers (x =8%).

Semi-bulk InGaN

GaN
< 0002 >

The surface of control sample (top)
presents a saw-tooth aspect that is
completely suppressed in the quasi-
bulk sample (bottom). In this case, five
1.5 nm thick GaN barriers placed every
20nm of InGaN are sufficient.

0.5um

Y,
‘)‘”oA <T210>

InGaN (Referred to as semi-bulk growth in Ref. 33). This
nomenclature is used to distinguish the present approach
from multi-quantum well and superlattice structures. In
quasi-bulk InGaN, the objective is to minimize confinement,
and efficiently couple the bands of InGaN from one period
of the structure to the next. Efficiently coupling the bands is
achieved by using the fewest possible GaN barriers and by
reducing the thickness of the barriers to the bare minimum
required to reset the growth conditions. To minimize con-
finement, the InGaN well is made as thick as possible. In this
sense, charge transport across the structure closely resembles
bulk transport in an ideal layer of equivalent InGaN total
thickness, hence the name.

An example of the qualitative improvement obtained
using quasi-bulk growth is shown in Figure 1. The figure
shows high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images of a control
sample (top), grown without the GaN barriers, and a quasi-
bulk sample (bottom), grown under the same conditions,
with the addition of five 1.5nm thick GaN barriers. The
surface of the control sample exhibits the rough, sawtooth as-
pect commonly observed for InGaN epilayers grown without
the GaN barriers. This surface roughness is completely
suppressed in the quasi-bulk sample (bottom) that exhibits
smooth, step-flow morphology. The only visible defects are
a few V-pits that are known to be linked to emerging thread-
ing dislocations of the GaN substrate.

The samples presented in Figure 1 contain only 8%
indium. For epilayers with higher indium contents, excess
indium is expected to accumulate more rapidly. Given that
the GaN barriers need to be kept as thin as possible to mini-
mize transport losses, one needs to insert GaN barriers more
frequently to achieve a similar improvement. Figure 2 com-
pares a control sample against a quasi-bulk sample for which
the targeted indium content is 16%. Here, sixteen 1.5nm
GaN barriers were inserted.

Although the morphology significantly improves using
the quasi-bulk growth process, a more in-depth analysis is
required to show that the GaN barriers suppress composi-
tional fluctuations and strain relaxation. The present contri-
bution combines advanced transmission electron microscopy
techniques to independently measure the composition,
deformation, and optical emission of quasi-bulk InGaN, and
to discuss the effect of the barriers on the growth and proper-
ties of the resulting epilayer. The paper is structured as
follows: first, the composition of InGaN epilayers grown
both with and without GaN barriers is studied using compo-
sitional mappings obtained by quantifying the HAADF-
STEM using a few EDX measurements as reference.>? Then,
Dark-Field Electron Holography**3 is employed to measure
the deformation in the InGaN layer at the same location as
the one used to obtain the chemical mappings. Finally, the
optical luminescence of the InGaN epilayer is studied using
cathodoluminescence in a STEM.?® The link to results from

(b)

FIG. 2. HAADF-STEM images of a
control and quasi-bulk InGaN sample.
The control sample (a) exhibits a rough
surface as well lateral and vertical var-
iations in the HAADF contrast, which
are indicative of compositional fluctua-
tions. Both the roughness and the fluc-
tuations in the contrast have been
suppressed in the quasi-bulk epilayer
(b), with the insertion of sixteen
1.5 nm GaN barriers.
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previous sections is made through additional chemical map-
pings. The ensemble of the experimental data is then dis-
cussed and critically analyzed.

Il. EXPERIMENT

All InGaN films investigated here were grown on GaN
buffered Al,O; using metal-organic chemical-vapor deposi-
tion (MOCVD). All samples studied come in pairs of an
InGaN film grown using the quasi-bulk approach, and the
corresponding control sample, grown under identical condi-
tions, but without the GaN barriers. In the first pair, the
quasi-bulk sample consists of six, 20nm thick layers of
InGaN, separated by five, 1.5nm thick GaN barriers. The
control sample was a 120 nm thick InGaN film. The nominal
composition for both the quasi-bulk and control InGaN sam-
ples was 8%.

In the set of samples discussed in Secs. III A-III C, the
quasi-bulk sample consists of seventeen, 8 nm thick periods
of InGaN, separated by sixteen, 2nm thick GaN barriers.
The control sample is a 136 nm thick InGaN film. The nomi-
nal composition for both the quasi-bulk and control samples
is 16%.

Lamellae for observation in a transmission electron
microscope were prepared from the samples using focused
ion beam (FIB) thinning and ion milling. The lamellae pre-
pared for HAADF STEM, EDX, and electron holography
were 80 nm thick. For the cathodoluminescence experiments,
thicker lamellae (150 nm) had to be prepared to collect suffi-
cient signal in a reasonable amount of time, so as to avoid
sample drift during the acquisition.

To preserve the sample surface during FIB preparation,
a surface coating consisting of a 50 nm-thick layer of carbon,
followed by a 100nm layer of Si;N, was applied. Prior to
inserting the lamellae in the electron microscope, the lamel-
lae were cleaned using an argon plasma cleaner to remove
any residual contamination that may have occurred during
transport or storage.

HAADF STEM and energy-dispersive X-ray spectros-
copy (EDX) were performed in an aberration-corrected
JEOL 2200FS microscope, operating at 200 kV with a probe
current of 150 pA, and a probe size of 0.12nm at the full-
width at half maximum (FWHM). The convergence half-
angle of the probe was 30 mrad and the detection inner and
outer half-angles for the HAADF-STEM images were 100
mrad and 170 mrad, respectively. The samples were imaged
along the (1120) zone axis.

Quantitative measurements of the indium composition
from EDX were obtained from the intensity ratio of the L,
line of indium (3.290keV) to the K, line of gallium
(9.770keV). The K line of elementary nitrogen (0.392keV)
was also taken into account and revealed that the alloy is
stoichiometric. The acquisition time for each EDX spectrum
was 60 s, during which no drift in the position of the electron
beam was observed. All EDX spectra were acquired using a
JEOL 2300D detector and the accompanying JEOL software.
The k-factors used by the software had been previously
re-calibrated using GaAs, InP, GaN, AIN, GaP, and GaSb, as
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well as the ternary alloys Ing4gAlgs0As and Ing 53Gag 47As.
These alloys are latticed-matched to InP, allowing the
composition to be precisely determined through X-ray
diffraction.

The chemical mappings presented throughout this paper
were obtained from HAADF and EDX using the method
described in Ref. 32. The normalized intensity Z, in
HAADF-STEM is linked to the specimen thickness d and the
atomic numbers Z of the atomic column that is being probed
through the following equation:

I,=d(Z%. (1)

In the case of an atomic column of InGaN, containing a
fraction x of indium (In,Ga,_,N), (£*) is given by

<Za>InGaN :leyn—’_(l _X)Zéa—’_zﬁl' (2)

Thus, at any given point in an HAADF STEM image,
the composition can be obtained from

2L+ 7
oz \aEnezy ) @)
In Ga (Ga+ N)

Equation (3) contains two unknowns: the thickness d of
the STEM lamella and the exponent «. STEM lamellae pre-
pared by focused ion beam etching are known to be
extremely planar, and a linear two-dimensional fit for d can
be readily obtained from a region of constant Z, such as the
GaN buffer. The remaining unknown, the scattering expo-
nent o, is obtained from a least-squares fit to a set of normal-
ized HAADF intensities, and their corresponding
compositions measured at the exact same location using
EDX. Typically, a set of 20 EDX measurements is required
to obtain a good estimate of «. For the chemical mappings
presented here, oo ~ 1.7 was found to be satisfactory.

Dark-field electron holography (DFEH) is a new tech-
nique for measuring strain at the nanoscale to high precision
and for wide fields of view.**?> A diffracted beam emanat-
ing from an unstrained region of the sample (the reference
area) and from a strained region of the crystal (the measure-
ment area) are interfered with the aid of a bi-prism to form a
hologram. The fringe spacing in the reference area is given
by the tension on the bi-prism, whilst changes in the fringe
spacing that occur in the measurement area can be directly
related to the difference in local lattice parameter with
respect to the reference area. Thus, the phase of the holo-
gram encodes the information concerning the strain. DFEH
experiments were carried out on the Hitachi I2TEM-
Toulouse (in situ interferometry TEM), an HF3300 equipped
with cold field-emission gun (CFEG), double stage for
aberration-corrected Lorentz microscopy, imaging aberration
corrector (CEOS Aplanator), and multiple biprisms. The sec-
ond specimen stage is located just above the objective lens
that can serve as a powerful Lorentz lens coupled to the
state-of-the-art aberration corrector. The multiple biprisms
allow more flexibility in choosing holographic fringe spacing
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and field of view, and Fresnel fringes can be eliminated.?”
DFEH holograms were obtained using the (1120) and (0002)
diffracted beams. Any additional phase shifts of the beam
due to the effect of the microscope optic elements are
removed acquiring a reference hologram and subtracting.
Geometric phases were obtained with a resolution of 1.5 nm
that corresponds to a 0.75nm distance between hologram
fringes. Hologram analysis was performed with the software
HoloDark 1.2 (HREM Research Inc.) a plug-in for the image
processing package DigitalMicrograph 2.3 (Gatan Inc.).
Cathodoluminescence (CL) experiments were per-
formed in a VG-HB 501 STEM working at 60 keV and fitted
with an home-made, high efficiency CL detector, as
described in Ref. 36. In this technique, an electron beam (g
~ 1 nm) is scanned over the region of interest. At each elec-
tron beam position, a CL spectrum is acquired, as well as an
ADF and Bright Field (BF) signal. At the end of the scan,
this procedure results in an ADF image, a BF image, and a
CL spectral image (SI), i.e., a 3D image with a spectrum per
pixel. The three images can then be compared on a pixel by
pixel basis. Typical acquisition parameters are 400 x 400 nm
area, with a 1 nm/pixel spectral resolution, and a 10 ms dwell
time per pixel. This results in a 655 s total acquisition time.
The experiments performed at approximately —130°. As the
sample drifts during the acquisition of the SI, a posteriori
spatial realignment is necessary. The GaN barriers in the
sample were used as a reference to realign the SI from the
ADF contrast.*®

lll. RESULTS AND DISCUSSION
A. Suppression of compositional fluctuations

Nanometrically resolved mappings of the indium com-
position are presented in Figure 3. The mappings were
obtained by quantifying the contrast of the HAADF-STEM
images in Figure 2. The mapping of the control sample (left)
reveals that the indium composition has already increased
from 16% to 20% a mere 20nm from the substrate/layer
interface. Moreover, lateral fluctuations of the indium com-
position are observed. The composition can vary laterally
from 16% to 34% over a few nanometers. Similar findings
have been independently reported by a variety of
all using different growth conditions, indicating

groups, 373!
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that the presence of both vertical and lateral fluctuations in
InGaN alloys is not related to a given set of growth condi-
tions, but is rather an intrinsic phenomenon linked to the
growth mechanics of InGaN alloys.

The large lateral fluctuations observed in the control
sample are suppressed in the quasi-bulk sample: the compo-
sition is found to be laterally homogeneous to within 1%,
i.e., the accuracy of the EDX measurement. Vertically, the
composition is also found to be homogeneous to within
1.5%. A slight vertical gradient is, however, observed, and
the composition increases gradually from 13% near the sub-
strate/layer interface, to 16% near the surface. This gradient
may be related to the lamella preparation process, as no
corresponding gradient in the deformation or luminescence
of the epilayer is observed (see Secs. III B and IIIC). The
chemical mappings also reveal that the GaN barriers are, in
fact, InGaN barriers™ that contain between 5% indium for
the first few barriers and 10% indium for the barriers near
the surface. The TMIn flow is stopped during the barrier
growth, the incorporation of indium in the barriers can,
therefore, only be attributed to a memory effect in the reac-
tor, or to the buildup of indium that segregates to the surface
of the growing layer. Figure 4 shows an atomically resolved
HAADF-STEM image of the first the quasi-bulk sample.
This image reveals that the transition from InGaN to GaN
occurs over a few monolayers (see inset) and is too abrupt
to be attributed to a memory effect in the reactor. Thus, a
surface segregation of indium is a better explanation for its
presence in the barriers. Although unintentional, the incorpo-
ration of indium in the barriers also has the added benefit of
lowering the barrier height from that of pure GaN, further
diminishing potential transport losses in the quasi-bulk layer.

In the vicinity of a V-pit, however, GaN barriers prove to
be ineffective, and a transition from two-dimensional to three-
dimensional growth is observed locally (see Figure 5).
Chemical mappings in this region show that the pyramidal tips
in this cluster contain up to 34% InGaN, as is the case for the
control sample. Such clusters in InGaN epilayers have been
previously reported elsewhere.*®*!  Cathodoluminescence
mappings of their optical emission have revealed a red shift of
the emission inside these clusters, in agreement with observed
the increase in the concentration. The cluster density is corre-
lated to the density of V—pits40‘41 that is, in turn, correlated to
the density of threading dislocations already present in the

FIG. 3. Nanometrically resolved map-
pings of the indium composition. The
mappings were obtained from the
HAADF-STEM images shown in
Figure 3. Large compositional fluctua-
tions can be observed in the control
sample (a), both along the growth and
the in-plane directions. These fluctua-
tions are eliminated in the quasi-bulk
sample (b).
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FIG. 4. Atomically resolved HAADF-STEM image spanning the first few
periods of the quasi-bulk sample. The interfaces between GaN and InGaN
are abrupt down to a single monolayer, excluding the possibility of indium
build-up as a result of a memory effect in the reactor.

substrate. These threading dislocations evidently have a micro-
masking effect during the growth of the InGaN epilayer, i.e.,
an effect analogous to that of a mask in selective area growth.
An excess of adatoms accumulates in the vicinity of the dislo-
cations, more rapidly than it does far from the dislocations,
making the barriers ineffective and triggering the transition to
three-dimensional growth. While no such clusters are present
in the HAADF-STEM image of the quasi-bulk sample of
Figure 1, some clusters can also be observed elsewhere on that
sample. Using GaN substrates with lower threading-
dislocation densities are expected to reduce the number of
clusters, maximizing the potential benefits of the quasi-bulk
approach to the growth of InGaN.

Table I summarizes the findings from the chemical map-
pings presented in this section: it gives the average concen-
tration and the standard deviation at increasing distance from
the substrate/layer interface. The standard deviation in the
control sample increases to 4% between 20 nm and 40 nm of
the substrate/layer interface. In the quasi-bulk, even near a

100 nm

10
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V-pit, the composition is homogeneous to within the preci-
sion of the EDX measurements up to 100 nm.

B. Strain in quasi-bulk InGaN

The deformation in the quasi-bulk sample was measured
independently from the concentration using dark-field elec-
tron holography.*® In this technique, a diffraction spot and
its conjugate are selected from the electron diffraction pat-
tern by means of a bi-prism. The image recorded in TEM
camera corresponds to the hologram reconstructed from this
one pair of diffraction spots. The geometric phase, from
which one can compute the deformation along the crystallo-
graphic direction of the selected pair of spots,” is then
extracted. By selecting the GaN substrate as a reference, one
can then obtain a mapping of the relative deformation in
each pixel with respect to GaN along the selected direction.

The region that was mapped using this technique in the
quasi-bulk sample is shown in the HAADF-STEM image
shown in Figure 6. This region encompasses the one used to
obtain the chemical mappings discussed Sec. ITA.
Mappings of the deformation along the growth direction,
Ac/c, and along the in-plane direction, Aa/a, are shown in
Figures 6(b) and 6(c), respectively. No deformation is
observed along the in-plane direction for the fifteen first peri-
ods. Then, the deformation locally increases up to 2%.
Along the growth direction, an average deformation of 2% is
measured for the first fifteen periods of quasi-bulk InGaN.
This deformation dips to 1.6% before increasing to 3.5%, as
shown in the profile extracted from Figure 6(b) and pre-
sented in Figure 7.

Table II compares the deformation measured for each
layer against the deformation expected for both a pseudo-
morphically accommodated and a fully relaxed InGaN lat-
tice. The expected values were computed using the
concentrations extracted from the mapping presented previ-
ously. The elastic moduli and lattice parameters for GaN and
InGaN were taken from Ref. 17. In the pseudomorphic case,
the computed deformation was adjusted to accommodate for
lamella relaxation, as the thickness of the InGaN epilayer is

FIG. 5. HAADF-STEM image of the
16% quasi-bulk sample near a V-pit
(left), and corresponding mapping of
the indium composition (right). A clus-
ter of 3D InGaN appears in the vicinity
of the V-pit. The indium concentration
in the pyramidal tips of this cluster
reaches 34%, the same as in the
pyramidal case.

T
15 20 25 30 35

Indium composition (%)
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TABLE 1. Average value (avg) and standard deviation (std) of the indium concentration at various distances from the substrate/layer interface in the control
sample and the quasi-bulk sample. Large lateral fluctuations of the indium composition appear in the control sample after 20 nm, while the quasi-bulk sample
is laterally homogeneous up to 100 nm from the interface.

Distance from Quasi-bulk sample
substrate/layer interface Control sample Quasi-bulk sample within 100 nm of V-pit
avg std avg std avg std
nm at. % at. % at. % at. % at. % at. %
20 15.86 0.86 12.5 1 14.65 0.9
40 16.68 3.26 13.11 0.75 14.68 0.75
80 28.9 3.6 15.56 1.1 15.53 0.8
100 29.96 4 16.10 1 14.12 1.6

L I L

-2 -1 0 1 2 -2 -1 0 1 2
Deformation along c-axis (%) Deformation along a-axis (%)

FIG. 6. Nanometrically resolved mappings of the deformation in the quasi-bulk sample. (a) HAADF-STEM image of the area, where the deformation was
measured in the quasi-bulk sample. (b) Mapping of the deformation along (0002) (Ac/c). (¢) Mapping of the deformation along (1100) (Aa/a). The observed
values for the deformation are consistent with a 16% InGaN alloy that is pseudomorphically strained on the underlying GaN template.

of the same order of magnitude as the lamella thickness. subsequent increase of the deformation along the c-axis,
Over the first fifteen periods, the measured data are in good observed over the last two periods of the sample, may indi-
agreement with the pseudomorphic case. This is the case cate a partial relaxation of the InGaN lattice. This may, how-
even in the vicinity of a V-pit (see Figure 8). The dip and ever, also be an artifact of the experiment, as the
deformation along the in-plane direction does not show a
trend consistent with a partial relaxation. The average defor-
mation for the first fifteen periods, 2%, corresponds to an av-
erage composition of 14%. Given the error margin, this
finding is in good agreement with the composition obtained
from the chemical mappings in the same region.
Furthermore, these results (pseudomorphic accommodation,
total deformation along the c-axis of 2%) are in excellent
agreement with findings from reciprocal space mappings of
the asymmetric 1124 reflection, shown in Figure 9. This con-
firms that, despite the local character of the measurements
150 100 50 0 prese?nted here'z, the ﬁndings accurately reflect the macro-
scopic properties of the quasi-bulk sample.

Even though the InGaN epilayer is partially relaxed
FIG. 7. Profile of Ac/c extracted from the mapping in Figure 6. An average over the last two periods, the initial fifteen periods represent
deformation of 2% can be measured for the first fifteen periods. This value a total thickness of approximately 100 nm of pseudomorphi-

increases to 3.5% over.the last t\.)VO periods. Given the cqncentratlons meas- cally accommodated InGaN. This is an improvement by
ured at the same locations previously, these values are in good agreement

with the deformation expected for an InGaN lattice pseudomorphically more than an order of magnitude of what is expected for
strained on GaN. InGaN according to the most recent model proposed in the

substrate«——— layer
— ——————

Deformation along c-axis (%)
N
Lasaalassatasaalassataaaslasasl

Distance from InGaN surface (nm)
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TABLE II. Measured and expected deformations along the c-axis. The
expected deformation was computed using the concentrations determined
from the chemical mapping of the quasi-bulk sample presented in Figure 3.
For the first fifteen periods, the measured deformation corresponds to the de-
formation expected in the case of a pseudomorphically accommodated
InGaN epilayer. The last two periods appear to partially relax.

Deformation along c-axis

expected expected

Period Composition measured pseudomorphic relaxed
# at. % % % %o

1 10.50 221 1.72 1.05
2 11.30 2.16 1.77 1.13
3 12.50 1.72 1.88 1.25
4 13.35 1.97 1.94 1.33
5 13.40 1.82 1.96 1.34
6 13.40 1.90 1.96 1.34
7 13.90 1.75 2.00 1.39
8 14.00 2.19 2.01 1.40
9 14.24 1.93 2.03 1.42
10 14.27 1.85 2.03 1.43
11 14.79 2.15 2.08 1.48
12 15.03 1.89 2.09 1.50
13 15.55 1.96 2.13 1.55
14 16.12 2.28 2.18 1.61
15 16.60 2.32 2.22 1.66
16 16.30 1.62 2.20 1.63
17 13.25 3.42 1.95 1.32

literature*” that predicts a critical thickness for plastic relaxa-
tion of no more than 8 nm for a layer that contains 15% in-
dium. This observation, along with the observations made
both by this group and others that show the presence of both
relaxed and strained components in InGaN epilayers grown
without the quasi-bulk process,24’29*32 tends to confirm that
the preferred method of strain relaxation in InGaN alloys is a
transition from two-dimensional to three-dimensional
growth, rather than a relaxation through the generation of
misfit dislocations. A similar conclusion was drawn in Ref.
43. The study presented therein is based on XRD and AFM
measurements on a macroscopic level, highlighting again

J. Appl. Phys. 117, 055705 (2015)

0.78

0.775

0.77

0.76

0.755

0.75

0.615 0.62 0.625 0.63

3 0.635
q, (A7)

FIG. 9. Reciprocal space mapping of the 1124 asymmetric reflexion of in
the quasi-bulk sample, obtained from X-ray diffraction. The intense spot
corresponds to diffraction from the substrate. A spot situated directly below
it comes from diffraction of the quasi-bulk InGaN epilayer. This mapping
confirms that, macroscopically, the quasi-bulk InGaN epilayer is pseudo-
morphically accommodated on the substrate. Furthermore, the deformation
extracted for the InGaN epilayer is in excellent agreement with the one
measured from the HoloDark mappings.

that the findings from the microscopic analysis presented
here accurately reflects macroscopic properties of InGaN
epilayers.

C. Nanometrically resolved optical emission
in quasi-bulk InGaN

The optical emission of the quasi-bulk InGaN sample
was studied using cathodoluminescence in a STEM. In con-
trast to traditional cathodoluminescence and photolumines-
cence, the spatial resolution of this technique is not limited
by the interaction volume, which is nanometric given the

FIG. 8. (Left) HAADF-STEM image
of a zone in the vicinity of V-pit.
(Right) Mapping of the deformation
along the growth direction. The defor-
mation uniformly increases over the
last two periods from 2% to 3.5%.
Both values are consistent with what is
expected for a pseudomorphic accom-
modation of the InGaN lattice on the
GaN substrate, given the concentra-
tions measured previously.

0 1 2
Deformation along c-axis (%)
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FIG. 10. Nanometrically resolved optical emission in the quasi-bulk sample
acquired, using STEM-CL. The projection of the spectral image represented
here is obtained by integrating the spectral image along the in-plane direc-
tion of the sample. At least four distinct emission lines can be identified in
this projection. Only one of them is present for the first fourteen periods of
quasi-bulk InGaN, while the other three appears near the sample surface.

acceleration voltage and the relative thinness of the TEM
lamella. The spatial resolution in this case is given by the
diffusion length of electrons in the material. Given the short
diffusion lengths reported for Ill-nitrides,** the spatial reso-
lution is expected to be less than 50 nm.

To identify the emissions present in the quasi-bulk sam-
ple, the intensity of the spectral image was integrated along
the in-plane direction. The projection obtained in this man-
ner is shown in Figure 10, and four distinct emission lines
are found in the sample. The emission line energies, taken at
the inflexion point on the low-energy side of the emission
line, are summarized in Table III. Emission line #1 is present
throughout the first fourteen periods of the quasi-bulk sam-
ple. The intensity is homogeneously distributed over ten of
those; then, dips down as carriers are injected in the last three
periods, where the concentration is higher according to the
chemical mapping. Emission lines #2 through #4, on the
other hand, are confined to regions of the last few layers.

Energy-filtered images that map the intensity distribu-
tion of the identified emission lines are presented in Figure
11, alongside a chemical mapping of the same region.

TABLE III. Band-gap energies associated to the emission lines identified in
Fig. 10. The energies where taken at the inflexion point on the low-energy
side of the emission lines. The composition measured in the region the emis-
sion lines is also given, as well as the expected band-gap energy for bulk,
strain-free InGaN.

Emission Composition Expected band-gap
Line Energy Wavelength  (from mapping) energy”

#) eV) (nm) (at. %) eV)

1 2.66 466 15 2.84

2 2.64 470 20 2.65

3 2.59 479 23 2.55

4 2.54 488 24 2.52

*The band-gap energy is that computed for bulk, strain-free InGaN at the
same composition as that reported in the table. See text for details.

J. Appl. Phys. 117, 055705 (2015)

Linking the composition to the energies reported in Table III
is not straightforward, because of many effects: reduced
dimensionality, strain, piezoelectric and spontaneous polar-
ization, possible carrier screening, and excitonic effects.
Even though accurate measurements of the thickness, com-
position, and strain in the individual InGaN wells and GaN
barriers are available in the present study, several values of
basic parameters such as the band offsets between InGaN
and GaN, are not well known or controversial'’ to provide
an accurate estimation of the band structure.

Nonetheless, several observations can be made by com-
paring the energy-filtered images to the chemical mapping.
First, emission lines #3 and #4 can be ascribed to the cluster
of higher indium composition located in the bottom-left cor-
ner of the chemical mapping. The presence of such clusters
has been previously proposed as the origin of the bright
luminescence of InGaN alloys.** A few groups have claimed
that such clusters form during the TEM observation of
InGaN samples.45 Recently, however, using careful sample
preparation and observing the specimen in a scanning trans-
mission electron microscope, Rosenauer et al.*® showed that
such clusters do exist in InGaN wells. Figure 11 confirms
that indium-rich clusters do indeed strongly contribute to the
luminescence of InGaN: emission line #3 is the strongest
emission observed in the sample according to Figure 10.

The clusters are not, however, the only source of
emission in this region of the sample. They exist alongside
emission line #2 that is homogeneously distributed over
layers #15, #16, and #17. The red-shift of this emission with
respect to emission line #1 can be ascribed to an increase in
the average indium concentration from 15% to 20%, as
observed in the chemical mapping.

Emission line #1 is located in a region, where the quasi-
bulk layer is fully strained and has a laterally homogeneous
composition for over 100nm. A meaningful comparison can
therefore be made with bulk, strain-free InGaN. Indeed, in con-
trast to other works,g’"H2 the InGaN wells in the present work
are not isolated, as the barriers are very thin and relatively low
(see also Ref. 50). Thus, electron wave-functions are expected
to extend over several successive layers. The band-gap energy
of bulk, strain-free InGaN is taken from the usual

EInGaN(x) = XE]nN + (1 — X)EGaN =+ bx(l — X). (4)

Values for the end-point binary band-gap energies and
the bowing parameter b were taken from Ref. 17. According
to the chemical mapping, the composition in this region of
the quasi-bulk sample is 15%, which yields a net red-shift of
140 meV. This red-shift is in good agreement with results
previously published in the literature.*’*°

IV. CONCLUSION

In light of the results presented in Secs. II-III, it
becomes apparent that the multi-layered InGaN/GaN struc-
tures discussed here do indeed exhibit a behavior similar to
that of an ideal bulk InGaN epilayer. Despite the complexity
of the band structure expected for such InGaN/GaN stacks,
quasi-bulk InGaN exhibits homogeneous, intense, and
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L ot -« o et w5

FIG. 11. Optical emission compared
against the distribution of indium in
the quasi-bulk sample. (a) HAADF-
STEM image of the mapped region;
(b) corresponding mapping of the in-
dium composition; (c)-(f) energy fil-
tered CL images, centered at the peak
of the four emission lines identified in
Figure 11. Emission line #1 is the only
emission present during the first four-
teen periods of the quasi-bulk struc-
ture, while emission lines #2 through
#4 are confined to the surface of the
sample, where they coincide with local
increases of the indium composition.

InGaN/GaN interface

0 200 400 600 800 1000 1200 -5 0 5
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single-peak luminescence for at least 100 nm. The GaN bar-
riers do not appear to significantly hinder carrier transport
across the structure, indicating that such structures can be
used in solar cells without significant electrical losses.
Furthermore, despite the high average indium content, strain
in the structure is not relaxed until the last 20nm of the
InGaN/GaN stack, preserving the crystalline quality of the
material. Strain in the structure is shown to reduce the band
gap, pushing it even further in the visible region of the solar
spectrum, thus potentially increasing the efficiency of quasi-
bulk InGaN-based solar cells. The comparison with control
samples grown without GaN barriers confirms that it is the
suppression of short-range compositional fluctuations that is
indeed the source of improvement. Although a vertical gradi-
ent of composition may still be present, both strain and opti-
cal emission in the quasi-bulk structure do not appear to be
adversely affected by it. Threading dislocations present in
the GaN/Sapphire template currently limit the improvement
that can be obtained by using such structures, and the use of
ultra-low dislocation-density GaN substrates is expected to
yield even better results.
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