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ABSTRACT

This review concentrates on the microstructure of In,Ga; (N layers and quantum wells (QWs) in relation to their optical properties.
The microstructure of In,Ga;_,N, with a constant In(x) concentration, shifts with layer thickness. Only layers below 100 nm for x=0.1 are
nearly defect-free. A photoluminescence peak is observed at 405 nm, in line with ~10% In, suggesting band-edge luminescence. Layers with

(=3
greater thickness and In content present a corrugated surface with numerous structural defects, including V-defects, causing redshifts and §>
multi-peaks in photoluminescence up to 490 nm. These defects, resembling those in GaN, lead to a corrugated sample surface. Atomic force %
microscopy shows a 3.7-fold larger corrugation in samples with 20 QWs compared to those with 5 QWs measured on 2 x 2 um? areas. Like 8
in GaN, dual growth on different crystallographic planes results in varied QW thicknesses, influencing optical traits of devices made from *
In,Ga,_,N layers. The purpose of this review and the chosen subject is to highlight the significant contribution of Wladek Walukiewicz and &
his group to the current research on the properties of In,Ga;_N, which are crucial alloys in the field of optoelectronics. S
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185713
I. INTRODUCTION indeed, a higher O (or H) concentration would lead to a higher elec-

. 12 . .

In recent three decades, rapid progress in the growth of GaN tron concentration observed in such polycryst?lllne films. However,

. . L a high concentration of O would be required since 24% of O would
and its ternaries (AL, Ga,_,N and In,Ga,;_,N) revolutionized the . . .

- B be needed to give an alloy with 1.7 eV bandgap, an even higher con-
application of these materials in the development of optoelectron- . . .
. . .18 . centration of O would be required to explain the 1.9 eV bandgap.
ics, photovoltaics, and power devices. " In particular, In,Ga, N . .

" s L . . . Such a concentration of O was never detected in such sputter-grown
provides the possibility of obtaining light emission with a R . .

id ¢ lengths. d di be I InN i InN. To explain this high value on the InN bandgap, it was consid-
1‘2’1 e-lrange ot wave eng; S,d Fp fln 'ng on td'e dn content. nd hls ﬁ ered that some point defects such as nitrogen vacancies'’ and dis-
ey element m InGaN-based light err.nttlng Hodes (LEDs) and hig locations'” can act as donors and can be responsible for this
speed electronics due to low electronic effective mass and high elec- energy gap of InN. However, the research on GaN and their ter-
tron mobility. A controversy about the fundamental bandgap of InN naries but particularly of In,Ga,_,N showed that the bandgap is
led to a more intense study of this material. The initial measurement decreasing with the higher x (In content).'” In addition,
of a strong absorption edge for RF-S%);ltterfgl polycrystalline InN Yamaguchi et al.'” suggested that the bandgap of In,Ga, N
with hl‘zc’,h electron concentration (10~ cm™) and low mQObllltY might be explained by a large bowing parameter. The bandgap of
(100cm® V™'s7') at 1.9eV was assigned to its energy gap.” This  InN was resolved with a high purity epitaxial InN layer grown by
value was accepted as the InN bandgap for a long time. To explain molecular beam epitaxy (MBE) with high electron mobility and
this, it was assumed that the 1.9 eV bandgap might come from the electron concentration as low as 3x 10" cm™>, which showed
contribution from indium oxide or hydrogen related phase'”'" since, a low energy gap E,=0.67 £0.05eV.'""” The determination of
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the small bandgap of InN was based on photoluminescence (PL)
measurements, absorption spectroscopy, and photomodulated
reflection (PR) measurements.'” *'~** This low energy gap of InN
was later also supported by different theoretical calculations.””™**
Using this low bandgap of InN, Walukiewicz et al’' were able to
fit the bandgap of In,Ga;_,N (In,Al,_,N) obtained by them and
other researchers over the entire composition range using the
bandgap bowing equation,

E;nxGa(Al)l,xN(x) — EgGa(Al)NX + E;nN(l _ X) _ bX(l _ X).

Bowing parameters b= 1.4 and 3 eV were obtained for InGaN
and InAlN, respectively. Because of the direct band nature and a
large bandgap tunability (0.7-3.4 eV), InGaN-based semiconductor
alloys offer tremendous potential for solid-state lighting (SSL), full
spectrum photovoltaic devices, and multicolor detectors. Since the
InGaN energy gap covers a spectral range from the near infrared
for InN to the near ultraviolet for GaN, this single semiconductor
system can provide the key active layers for efficient lighting appli-
cations covering the full visible spectrum.'> *'~**

As a different In content in ternary InGaN leads to the
change in the bandgap and, therefore, the wavelength of the emit-
ting light, it is important to know how the microstructure of such
layers is changing with changing composition and the layer
thickness and how it correlates with the optical properties. In
this brief review, we present from studies using transmission elec-
tron microscopy (TEM), x-ray diffraction (XRD), x-ray reciprocal
maps, photoluminescence (PL), cathodoluminescence (CL), and
Rutherford backscattering spectroscopy (RBS) on InGaN layers
as well as quantum wells (QWs) with different In compositions
and layer thicknesses, and correlate the structure of such samples
with their optical properties: samples with the constant nominal
(estimated by the grower based on their growth parameters) In
content of 10% (x=0.1), but different layer thicknesses, and
samples with similar thickness but higher In contents (28% and
45%). These results will then be compared to the structures of
quantum well samples, which are commonly used for many opto-
electronic devices.

1l. SAMPLES WITH In CONTENT OF 10%

Due to the large size difference between Ga and In atoms, the
growth of the In,Ga;_,N has proven to be challenging, and struc-
tural defects of high density are normally present in layers with
high In content and/or thick layers. In this work, we describe how
the structural perfection and In distribution changes in InGaN
layers with the same nominal composition (x=10%) but different
nominal thicknesses (100-1000 nm). Samples were grown by met-
alorganic chemical vapor deposition (MOCVD) on 0.5um GaN
grown on Al,O;. The same samples were studied by transmission
electron microscopy (TEM) in plan-view and cross-sectional con-
figuration with the support of other methods mentioned above.
These studies were described earlier,”” >’ but some new details
concerning these studies are provided here. InGaN thickness mea-
sured from TEM calibrated micrographs was always slightly
smaller than that estimated by the grower and is shown in Table I.
Using the results by Walukiewicz et al.,”' the composition dependent
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TABLE I. TEM and RBS sample thickness estimation in comparison with the
nominal values; in the bottom row, we show proposed sublayer thicknesses and In
content in order to best fit the experimental Rutherford backscattering (RBS)
spectra. Nominal thickness values are indicated at the bottom.

TEM 69 200 400 Bilts 730
RBS 63 164 330 482 693
Nominal 100 250 500 750 1000

26 nm Ino 085Ga0.91sN

58 nm Ing.110Gao 890N

63 nm Ing o;Gag 93N

520 nm GaN

40 nm Ing 105Ga.s0sN

115 nm Ing 105G a0 sesN|

40 nm Ing 05Gao1sN

65 nm Ing 1GagsN

46 nm Ino.00sGa0.90sN

80 nm Ing.105Ga s0sN

80 nm Ing.115Gag sssN

92 nm Ing13Gag 7N

92 nm Ing 14Gag N

92 nm Ing 135Gag sesN

120 nm Ing 095G ag gosN

60 nM Ing.11Gag ssN

52 nm Ing09Gag.e1N

(57 nm IngerGaoosN |

100 nm

250 nm

500 nm

750 nm

1000 nm

bandgap (and, therefore, the wavelength) from the In content of
InGaN alloys was calculated with the b=1.4eV and is shown in
Fig. 1. By correlating CL and PL emissions from small areas of
the samples with composition, the role of possible structural
defects can be evaluated.

A. Structural defects

TEM studies on InGaN layers with nominal 10% In but differ-
ent thicknesses showed that only the 70nm (nominal 100 nm)
thick samples had almost a flat surface (Fig. 2). There were no
misfit dislocations formed at the GaN/InGaN interface. However,
very shallow V-defects can be noticed where dislocations protrude
the sample surface. These shallow V-defects were also noticeable in
the dislocation free areas (right-hand side of Fig. 2). Generally,
these thin layers were almost defect free, but occasionally stacking
faults can be found. These are the most common defects in all
studied InGaN samples.

Reciprocal space maps (RSMs) for the symmetrical 0002
reflections and asymmetrical 1124 reflection were used to deter-
mine the strain status of the layers. From the 0002 symmetrical
space maps (not shown here but described earlier in Ref. 25), it was
concluded that the lattice planes of the InGaN were not tilted with
respect to the underlying GaN layer, and, therefore, the asymmetri-
cal space maps give direct information about the strain state of the
layers. Figure 3(a) shows the asymmetrical 1124 RSM for the nomi-
nally 100 nm thin InGaN layer showing that the layers are strained.
A straight vertical line can connect both nodes (GaN and InGaN).
The slight elongation of the InGaN node may suggest some varia-
tions in the InN composition and may be caused by the TEM
observed shallow V-defects and/or the occasionally formed stacking
faults. Using the layer thickness from TEM measurements (~70 nm),
it was estimated that the In content in these samples was 7.3% + 0.5%
(nominally 10%).

The thicker InGaN layers with similar In composition,
namely, 200, 400, 520, and 730 nm (nominally 250, 500, 750, and
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FIG. 1. The calculated energy gap and wavelength using a bowing parameter (=2
of b=1.4eV in dependence of InN mole fraction.
48400
1000 nm thick, respectively) consisted of two sub-layers: a strained P “InGaN
one and a relaxed one. A much lower In content was observed in ) relaxed
the strained sub-layer than in the relaxed one. Based on the root relaxation
mean squared (RMS) measurements, the estimated In concentration 47600 s, line
in the samples 200 nm thick (nominally 250 nm) was 7.3% * 0.5% in .
a 70nm thick strained layer, similar to that in the previous thin 40500 39500 -39000 38000
sample, and a 10.5% +0.5% in the 130 nm relaxed layer. For this >
sample and all thicker samples, a second node appeared on the asym- [1124] direction

metrical RMS on an inclined line with node intensity increasing with

FIG. 3. (a) The reciprocal space map (RSM) for the 79 nm InGaN (nominal
100 nm) for asymmetrical 1124 reflection; (b) the RSM for the 400 nm InGaN
(nominal 500 nm). Note the formation of two nodes for this sample suggesting
the formation of two layers with different lattice parameters.

¥¥:15:81 20z 1snbny 90

the sample thickness. Figure 3(b) shows an example of the 1124
asymmetrical RMS from the 400 nm thick (nominally 500 nm)
InGaN, which clearly shows the presence of a second node,
which suggests the formation of a relaxed layer. The estimated In
composition in these layers was 7.7% + 0.5% in the 70 nm thick
strained layer and 8.1% + 0.5% in the 330 nm thick relaxed layer.
The In composition of the second layer in the thicker 520 nm
thick layers (nominally 750 nm) was 7.8% + 0.5% in the strained
and 9.4% +0.5% in the relaxed layers. For the thickest 750 nm
(nominally 1000 nm) layer, the RMS still shows two nodes with a
more diffused node adjacent to the GaN, indicating~ 7.4% In
and a more well-defined node for the upper part of the layer that
indicates only a slightly higher In content of 7.5%. These RMS
studies are further complemented with TEM results, confirming

FIG. 2. InGaN strained layer with nominal 10% In and small thickness of

t~70nm (nominal 100nm) grown over GaN/ALO;. No misfit dislocations that thick InGaN layers grown on GaN do not have the same

formed at this interface with GaN. The layers are almost defect free, but in composition in the entire layer but decomposed into two sub-

some areas, stacking faults are present (marked by an arrow). Note that small layers: a thin strained layer with low In (~ 7%) close to GaN and

surface depletions at the surface in areas where dislocation protrudes the a relaxed layer with higher In content on top.

surface as well as dislocation free areas (shallow V-defects-marked by I £ . tudies” InGaN with inal T

diamonds), n one of our previous studies ~ on InGaN with nominal In
composition 10% and a thickness of ~ 50 nm grown by MOCVD

J. Appl. Phys. 135, 095703 (2024); doi: 10.1063/5.0185713 135, 095703-3
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on free standing halide vapor phase epitaxy (HVPE) GaN, we
showed (by measuring the lattice spacing along the c-axis) that the
InGaN layer was divided at least into two sublayers with the In
content increased toward the surface, in good agreement with the
results reported by others.”” This compositional stratification was
also confirmed by energy dispersive x-ray spectroscopy (EDXS),
which showed a 10nm thick InGaN layer adjacent to GaN with
44%+0.5% In, followed by a top 25nm thick layer with
10.3% +0.5% In. Such a phenomenon of higher In concentration
toward the sample surface was observed by other researchers,”’ and
it was sometimes referred to as a “pulling effect.”** These experimen-
tal observations were also supported by theoretical considerations.”

In order to further verify our TEM and x-ray results, RBS
studies were performed on the same samples (x =0.1 and layer
thickness in the range of 100-1000 nm). RBS provided composi-
tion profiles of InGaN layers as a function of layer thickness.
The results of the RBS measured layer profiles of InGaN with
various thicknesses are shown in Table I. Only the thinnest
samples with flat surfaces showed almost identical thickness
(exactly 69 ~ 70 nm and 63 nm, respectively, from TEM and RBS)
and an In composition of 7.3% by x-ray studies and 7% by RBS.
This difference in the layer thickness observed across different
techniques was most likely caused by differences in the surface
roughness of the samples and the specific areas where the mea-
surements, such as TEM, were taken. The experimental and cal-
culated RBS spectra are identical for the thin layers (see Fig. 4 in
Ref. 27) For the thicker layers, it was impossible to fit the experi-
mental RBS spectra by assuming a single layer with uniform
composition. Table I shows the schematic layer structures for
InGaN samples with different thicknesses obtained by the best fit
of the RBS data. The agreement was obtained only when the
relaxed parts of the layers were sequestrated into sub-layers with
different In contents (Table I). These results suggest that a high
density of structural defects and their different atomic arrange-
ment may lead to the local composition change. Since the thicker
layers have more structural defects, they also have more non-
uniform composition along the growth direction.

The layer stratification in thick InGaN layers was also investi-
gated by high magnification TEM micrograph (HREM). Already
for the 400 nm thick samples, long stacking faults appear in the
strained areas and their density is higher in the thicker samples
[Figs. 4(a)-4(c)]. This is in agreement with the diffused InGaN
node observed in the RMS [Fig. 3(b)]. In these thick InGaN layers,
HREM reveals that high density of dislocations and long stacking
faults connecting column-like structures separated by V-defects
[Figs. 4(a) and 4(c)] are formed. The arms of these V-shaped
defects are on {1011} planes, the same as those previously observed
in GaN.”* The surface of these layers became very corrugated with
saw lle}elzesrl;afree [::g's Zl(ifl)ari(ecci]l'ay rectangular white brackets in all FIG. 4. (a) The micrograph from the InGas_N layer with nominal 10% In and

. < . the nominal thickness of t~ 500 nm, (b) t~ 750 nm, and (c) ~1000 nm. Note
Fig. 4) where closely arranged stacking faults forming small surface corrugation with increased sample thickness, “saw-like” features (V), for-
“domains” are present. High magnification TEM micrograph mation of long stacking faults, and small domains with closely distributed stack-
(HREM) from part of such a domain is shown in [Fig. 5(a)]. ing faults marked by rectangular white brackets. The magnified image from the
Z-contrast microscopy reveals the presence of basal Stacking faults part of the prackgt Indlcated by the aI'I'OV\! is shown in Flg 6. The white aI.TOWS
ABABCBCB called I, and ABABCACA called I, (each capital layer with dotted ||ne§ indicate the |nterfaces with GaN. Note a columnar growth in (c)

. . and long stacking faults connecting these columns as well as large areas free
stands for a double layer like AaBb) separated by different numbers . ;
. . . of structural defects close to the interface with GaN.
of cubic layers observed in these small domains. The number of

¥¥:15:81 20z 1snbny 90
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FIG. 5. (a) Densely distributed stacking faults within one grain. The area close
to the sample surface is shown. The arrow indicates the growth direction; (b)
high-resolution Z-contrast micrograph from the small area outlined by a white
bracket in (a) with stacking faults intercepted by different sequences (marked by
numbers) of cubic layers.

cubic layers [marked by numbers in Fig. 5(b)] can increase in the
upper parts of the domains or a whole grain can stay cubic in the
areas close to the surface. Therefore, the layer surface structurally is
not uniform, with a mixture of cubic and hexagonal InN and differ-
ent number of cubic materials between stacking faults.

Our XRD studies further corroborate the layer stratification in
thick InGaN layers observed by TEM, RSM, and RBS. Figure 6(a)
shows the 2Q/w scans of nominally 10% In InGaN layers with

— 1000 nm 3
750 nm ~
500 nm )
ol 250 nm »
o 100 nm <
10000 ‘B 2
f £

_— F & \ s y
8 1000 .L'j" ’ vy 1‘ “| . \." \ EI
3 ! ; ;,K' ‘w' | "n, Yo 4 g

4 ; — [\ f
-'E‘ 19 "p‘w / g \\\ /“ g .\u .Wfrl =
n / y \ 1 =
c w0l /S N N A g
@ ‘ . \, £
= ‘ ~
£ [y a. )
1 gq b ‘. | 4
'mﬂh "y
0.1 1=
336 338 340 342 344 346 348 35.0
20(deg)

450

450
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different layer thicknesses. The narrow peak at 2Q =34.55° and
the broad peak from InGaN at 2Q ~ 33.9°-34.2° correspond to
the 0002 diffraction from GaN and InGaN, respectively. The
InGaN peak starts to split into at least two peaks for layers
thicker than 200 nm. This clearly suggests layer stratification with
different compositions, confirming the results from RBS,”
HREM, and EDXS”’ measurements.

B. Optical results

Photoluminescence studies were applied to InGaN samples
with different thicknesses and nominal 10% In contents, in order
to see how the presence of different structural defects and their dif-
ferent arrangement within the samples influences their PL emis-
sion. The PL spectra from these samples are shown in [Fig. 6(b)],
and their luminescence peaks are distributed from 405 to 490 nm
(corresponding to 4.06 to 2.53 eV) for samples with the nominal
thickness from 100 to 1000 nm. The In fraction corresponding to
the emission peak position from the band-edge luminescence is
marked in this figure. Only for the thinnest sample (~100 nm—the
micrograph shown in Fig. 2), the PL peak is reasonably narrow and
at the position corresponding to 10% In. For the sample with the
nominal of 250 nm, the PL peak becomes slightly broader and red
shifted, indicating a substantial increase in the In content to 17%
[the micrograph shown in Fig. 4(a)]. With a further increase in the
layer thickness to 500 nm (nominal), the PL peak red shifts even
more to the position corresponding to ~19% In. In addition, a
second peak appears at longer wavelength, which suggests a phase

with even larger In content of (23%). The TEM micrograph of this
sample shows a corrugated surface (saw-like) with V-defects and
domains with closely arranged stacking faults. For the sample with
even higher thickness (nominally 750 nm), the PL peak position is
very broad centered at ~ 440 nm, which is blue shifted compared

m ~—100 nm

250 nm

In-14% 1000 nm
= =500 nm
In-10% / \ —750 nm

In-23%

400

420 440 480 500 520

Wavelength (nm)

FIG. 6. (a) The results of 2Q/w scans for samples with nominally 10% In and different sample thicknesses (shown nominal values); (b) normalized P! intensities from the

same samples.
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to the main peak from the 500 nm thick sample [the micrograph
shown in Fig. 4(b)]. In this sample, very long stacking faults close
to the interface with GaN are clearly visible from TEM. Finally,
the highest thickness [nominal 1000 nm—the micrograph shown
in Fig. 4(c)] exhibits the most interesting PL results, showing the
appearance of three PL peaks, one with lower intensity at the
position comparable (but slightly blue shifted) to the peak from
the thinnest sample. The position of this peak would indicate an
In concentration lower than 10% In. Furthermore, two additional
peaks that would indicate very high In concentration 19% and
23% are also prominent. In droplets were not observed in these
samples, and other measurements (TEM, XRD, and RBS) showed
a much smaller In content in this sample. These multi-peaks
cannot be explained by an In increase close to the sample
surface. It is clear evidence that these luminescence peaks arise
from defects observed in these samples and the atomic arrange-
ment as observed by TEM.

One also needs to notice that in the thickest sample in this
study (1000 nm), an additional diffraction peak was also observed
in the 2Q/w XRD scan [Fig. 6(a)]. TEM studies reveal columns
with high density of defects starting almost at the interface
with GaN. The long stacking faults are connecting these columns.
It was noticed that the areas close to the interface with GaN below
these stacking faults are practically defect free (see the interface
area—central part in Fig. 4(c)), almost like in the samples with the
smallest thickness. The defect-free area may give rise to the PL
peak, almost at the same position as in the thinnest sample.
However, next to these defect-free areas, the column-like features
with high density of defects (mainly densely distributed disloca-
tions) appear already at the interface with GaN and propagate to
the sample surface. At the surface in these saw-like structures, the
“chimneys” with dislocations are surrounded by domains with high
density of stacking faults (like these shown in Fig. 5) often with
large cubic areas between them or polytype-like structures. The
surface morphology and its roughness are very complex.

PL peaks from the samples with thickness > 200 nm with the
wavelength from 405 to ~430 nm appear to be consistent with the
layer sequestration with different In contents, as suggested by RBS
and RSM studies. However, all peaks with higher wavelengths most
probably are originating from the structural defects with different
atomic arrangements. These results were confirmed by CL studies
on cross section samples (prepared in a similar way as for TEM),
where different peaks appeared depending on the electron beam
positions in different areas of the same sample (e.g., areas with dif-
ferent structural defects). These studies confirm that the appearance
of multiple CL peaks (and PL peaks) is not only related to the com-
positional change but also influenced by structural defects present
in those samples. Red shifts of the PL peak position consistent with
our results were observed by other authors™ in the samples with
high defect density especially V-defects and trench defects.

11l. COMPOSITIONAL MODULATION

InGaN used in different devices in most cases are grown
directly either on GaN or AIN bulffer layers on sapphire or SiC sub-
strates. Such growth always leads to the strain in the layer due to
lattice mismatch. As could be seen from the above results, even
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FIG. 7. (a) TEM micrograph showing compositional modulation in the
In,Ga;_4N (x=0.5); (b) diffraction pattern from the same sample (x=0.5) in
[1120] projection with arc reflection showing modulation on particular planes. In
order to better see these arcs (marked by arrows), the enlarged part of the dif-
fraction pattern is presented on the side. (c) Z-contrast micrograph showing the
arrangement of the modulation fringes. White dots indicate heavier atoms (In).

with the low In content 10%, only a thin (~70 nm) InGaN layer
close to the GaN (AIN) will be strained and with an increase in
the sample thickness relaxation of the strain occurs and struc-
tural defects are formed. It turned out that strain relaxation can
be realized in different ways. Compositional stratification as we
have discussed earlier is one commonly observed strain relaxation
mechanism. Other common mechanisms include the formation
of planar defects (stacking faults), which leads to polytype-like
structures or the composition modulation of InGaN layers.
Previous works™*™*® reported that In,Ga,_N layers with the high
x (0.45<x<0.78) grown by MOCVD with AIN or GaN buffer
layers showed light and dark contrast fringes [Fig. 7(a)] with the
shallow “W” profile. This was observed by HRTEM in cross-
sectional samples in two perpendicular zone axes, [1100] and
[1120]. Electron diffractions in these both zone axis show the for-
mation of extra spots in the form of small arcs [marked by arrows
in Fig. 7(b) and an enlargement on the side]. High-resolution
Z-contrast microscopy [Fig. 7(c)] and energy dispersive x ray
(EDX)***" showed substantial changes in the modulation ampli-
tude of these black/white fringes.

This suggests some atomic segregation of higher atomic
number elements, such as In. In these samples with high In content,
the columnar growth was observed [Fig. 7(a)], with columns sep-
arated by dislocations (or low angle grain boundaries). The
arrangement of these black/white fringes remains the same
within one grain (the fringes are parallel to each other), but their
position slightly changes from grain to grain (column to
column). This can explain the presence of small arcs in the diffrac-
tion patterns (instead of the well-defined dots) and can suggest that
In segregation somehow occurs possibly on the particular crystallo-
graphic planes. The spread angle of these arcs on the diffraction
pattern was measured to be about +30° with respect to the c-axis
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[Fig. 7(b)], consistent with the inclination of the fringe position +60°
in Z-contrast TEM images [Fig. 7(a)]. Since these tweed-like fringes
can be observed in two perpendicular orientations—[1100] and
[1120] arranged almost at the same angle to the c-axis, this would
suggest that the segregation plane must have a sixfold symmetry.
Analyses of the contrast on white fringes on Z-contrast micrographs
reveal some local segregation of heavier atoms (In) on {1011} planes
[Fig. 7(c)], which was theoretically predicted by Northrup and
Neugebauer.’w Benamara™® observed pits (V-defects) in AlGaN due
to some ordering of alternating GaN and AIN layers on the step
edges on {1011} pit facets. These planes are polar, and they are
inclined ~62° to the c-axis.

This composition modulation in the In,Ga, N samples with
high x was also confirmed by the XRD results,”*~*” which showed a
modulation period A=47 A in the sample with x =0.5 and A =58
A in the sample with x =0.78 (45 and 65 A determined by TEM).
The difference in the results obtained by the two different tech-
niques can be justified by the difference in the studied sample
areas. The compositional ordering on particular crystallographic
planes was observed by other authors in such alloys as GaInP,*’ but
in most cases, this was assigned to spinodal decomposition.””™**
However, it appears that in our case of InGaN, this might be driven
by a very rough interface between AIN and InGaN and a large
lattice mismatch of about 14%. For the growth of In,Ga,;_,N with a
lower x =0.34 on GaN where there is only 2% mismatch and more
planar interface, such modulation was not observed.

The observed In segregation on {1011} planes™ may also lead
to the bending of the c-planes, and, therefore, these black/white
fringes can deviate from other planes, also contributing to arc forma-
tion in the diffraction patterns. There are reports that compositional
modulation developed on the surface can result in the growth of
columnar structures with nodules oriented in specific crystallo-
graphic directions.”” This columnar growth was also observed in our
samples. EDX studies of these black/white fringes showed the alter-
nating increase (decrease) in the In-K, (Ga-K,) peak intensity, and
this reverses in the neighboring fringe.”® The average estimated com-
position on the black fringe was ~40% In and ~60% of Ga.
Considering the average composition of the layers, it can be calcu-
lated that alternate layers of GaN(+In)/InN(+Ga) were formed with
the separation of 47 A in samples with x =0.5 and 58 A in samples
with higher In concentration (x = 0.78).

The PL studies on In-rich InGaN samples (e.g., x=0.5) with
compositional modulation showed that the luminescence peak was
broader and was ~0.5eV redshifted from the absorption edge
(“Stoke’s shift”). This was a sample with a columnar growth and the
highest density of dislocation among all three samples. Therefore, it
is assumed that the modulation in the sample with x=0.5 was
strain driven and the corrugated surface of the AIN bulffer layer ini-
tiated this modulation.

IV. QUANTUM WELLS AND V-DEFECTS
A. Inhomogeneity of QWs

In,Ga;_4N/GaN quantum wells (QWs) are a key component
in high performance opto-electronic devices. Therefore, in this
section, several issues present in the samples with InGaN QWs will
be considered. TEM studies were applied to such samples to find
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out about the compositional homogeneity of QWs and determine
what were the most typical defects in such samples. Quantitative
high-resolution transmission electron microscopy was used to
study the distribution of indium atoms in InyGa;_4N layers and
QWSs.*"" Layers with x=0.6 and x=0.7 have been studied. The
results show the formation of In-rich clusters that are distributed in
stripes with 2-4 nm periodicity and amplitude of Ax=0.1 and
Ax=0.15 in the respective samples. These reports*®™* indicated
the similarity of the fluctuation amplitude and the formation of
“dot-like” features in InxGa; N QWs and suggested that the
spinodal decomposition occurred in both: layers and QWs.
The report on the investigation on quantum wells" also showed an
asymmetric In distribution across the well with respect to the growth
direction. The broadening at the lower interface was observed at an
extension of about 1 nm but more than 2 nm at the upper interface.
These findings were also confirmed by Benamara et al."* who studied
samples with 5 period Ing3Gagg;N/Ing13Gagg,N/ Ing3Gage;N QWs
and also 20 period GaN/Ing,GaggN/GaN QWs. In both cases,
the wells were 2.5nm thick separated by 50 nm thick barriers.
Quantitative HREM was used to map the strain profile across the
well. Both “a” and “c” parameters were measured. They showed
that in the sample with five QWs, the QWs were pseudomorphic
and were under biaxial compression stress. The indium content
in the QWs showed un-uniformity within the well. The upper
interface was much broader compared to the lower interface,
similar to the results shown in Ref. 47. The well composition was
measured as 15% similar to the intended 13%. The In redistribu-
tion within the wells in the form of quantum dots was more
apparent in the well with 20% In and dot size about 30 A with a
separation of 40 A. The wells with higher In content were highly
strained most probably due to the large difference in the lattice
parameter between the well and barrier. A high density of disloca-

tions and dislocation loops was observed at the upper interface :

but not at the lower interface. Therefore, the chemical mapping
could not be obtained in these samples.

B. Surface roughness, V-defects in QWs

The new unpublished data of samples with different numbers
(5 and 20) of GaN/InxGa;_,N/GaN QWs but the same In content
in the wells (x=0.1) in both samples showed different surface
roughness (rms) values as measured by atomic force microscopy
(AFM). The surface roughness for samples with 5 QWs with mea-
surements on 40 x40 ,umz area was 2nm, on 10x 10 ,umz was
1.7 nm, and on 2 x 2 ,umz was 1.0 nm, but on the samples with 20
QWs measured on the same areas yielded roughness values of 5,
4.8, and 3.7 nm, respectively. These results show that the surface
roughness is affected by the number of QW periods and it increases
more than two times with an increase in the number of QWs. This
could be explained by the presence of V-defects in these QWs
layers. V-defects were formed in both types of samples but with
much lower density in samples with 5 OWs.

Cross-sectional TEM studies show that these defects in most
cases start to appear in the second QW (Fig. 8), but occasionally,
they can be formed (not shown here) at the first QW, at the posi-
tion where the substrate dislocations propagated through the well.
With an increase in the number of QWs, new V-defects would be

Y1168 $202 1SnBny 90

J. Appl. Phys. 135, 095703 (2024); doi: 10.1063/5.0185713
© Author(s) 2024

135, 095703-7


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

FIG. 8. Formation of V-defects in samples with 5 QWs. The arrows show the
apexes of these defects.

formed on the lower interfaces with GaN barriers (even at disloca-
tion free areas). Such defects would propagate to the sample
surface. Therefore, in the samples with 20 QWs, the number of
V-defects increased and, consequently, the surface roughness

FIG. 9. A V-defect formed at the inversion domain (the center) at the interface
and two dislocations of different types (A and B) formed far from the apex of
V-defects. Note the different layer contrast (shades) indicating the growth along
the c-axis (the right-hand side) and shaded-growth on the sidewalls on the
V-defect. The white arrows show the areas of dislocation bending and attraction
to the surface of the V-defect and further propagation to the inversion domain.
First, dislocation A is attracted and with further growth B dislocation is attracted.
Note the bending of dislocation at the same distance from the walls of the
V-defect.

ARTICLE pubs.aip.org/aip/jap

increased (no substantial change from area to area). It could be
seen that in the sample with 20 QWs, the roughness was larger but
changed from 5 to 3.7nm (1.35 times) when compared to the
largest measured areas with the smallest, whereas for samples with
5 QWs, it changed two times. This is because the distance between
V-defects is larger in the latest samples.

V-defects are inverted pyramids with six walls formed on
{1011} polar planes. When seen in the cross section, projected
planes form V-arms with 56° angle between them (Fig. 9). The
growth on these planes is different than on basic polar c-planes
and usually is the slowest. These are the same types of defects as
observed in GaN.”* **° The difference in the growth rate in
GaN on (0001) and (0001) planes is well accepted due to differ-
ent surface terminations—Ga and N. It is also known that the
slower the growth rate, the more the impurities will be intro-
duced. Therefore, as soon as any step or cumulation of “foreign
atoms” (in the form of dopant or impurities) occurs, such a
V-defect can be formed and simultaneous growth on c-plane
and {1011} planes will take place.

It was shown by Liliental-Weber’> °° that in GaN layers
grown on dislocation free bulk GaN, these two different growth
fronts occurred and the layer thickness along the c-axis and per-
pendicular to the {1011} planes forming V-defect are very different.
This observation was possible only because of the different contrast
occurred on TEM micrographs for the layers grown along both
directions. Responsibility for this difference in micrograph contrast
most probably was different impurity cumulation on the slow
growth rate {1011} planes, as usually observed on the —c
(N-polarity) and +c (Ga polarity) growth of GaN.

Two different growth modes are not desirable for the growth
of InxGa; N QWs. As shown by Wu’' and Liliental-Weber,””
much thinner QWs than these grown intentionally along the c-axis
are formed on the {1011} sidewalls of V-defects. The presence of
two different thicknesses of QWs will influence optical properties
of desired devices. Therefore, research is ongoing on the elimina-
tion of V-defects.

50

V. DISCUSSIONS

The question remains to understand why V-defects are formed
and where they originate. In many scientific papers,”’~" >'~* the
authors connected the appearance of V-defects with the presence of
dislocations. Indeed, the strain field around dislocations can cause
the cumulation of dopants or impurities around the dislocations
and dislocations will be always the first areas where such defects
could be found (Ref. 34, Fig. 1). The V-defects in InGaN are the
same types of defects as observed in GaN,” *” °° and they also
appear when layers are grown on dislocation free substrates [Ref. 34,
Figs. 2(b) and 3; Ref. 50, Fig. 5]. Previously, we showed [Ref. 49,
Fig. 2(a) and Ref. 34, Fig. 2(c)] seven V-defects at the InGaN/
AlGaN QW with only two dislocations at which V-defects occurred
but the remaining five V-defects were formed between these disloca-
tions. Theoretical calculations also do not give a full picture to
explain the reason for their formation. Northrup et al. showed
the segregation of In on {1011} facets that are forming the arms
of V-defects’ around the screw dislocations, but Shiojin et al.”?
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showed experimental observation that most of V-defects are
formed around edge dislocations.

In the work of Liliental-Weber et al,”*"" it was shown that
observing V-defects at dislocations does not mean that they origi-
nated from them. Figure 9 shows the V-defect originally formed
close to the interface of GaN grown on the bulk GaN substrate, on
the top of the inversion domain and two different types of disloca-
tions (A and B) formed far from this V-defect. When growth pro-
ceeded along both the c-direction and newly formed walls of the
V-defect (on inclined {1011} plane), lower dislocation A (located
closer to V wall) was attracted to the free surface of this V-defect,
by the so called “image force,” ™ at a required proper distance
from the surface (see dislocation A bending marked by the arrow).
When the growth continued and sidewalls of the V-defect were at
the required distance from dislocation B, the same attraction force
worked also for this dislocation. Both dislocations were attracted
to the sidewall of the V-defect. One needs to notice that both dis-
locations bend at the same distance from the {1011} surface of the
V-defect. As stated by Shima et al.”* the magnitude of the attrac-
tion force “depends only on the distance d from the surface” and
is “inversely proportional to this distance.” If this sample area
would be observed in plan-view, it would show the V-defect at
dislocations! Such dislocations propagate further to the sample
surface as the so called ‘surface dislocations” originally described
by Petroff” in different materials. Any dislocation formed in the
material must propagate to the surface influencing the surface
morphology with the exception of dislocation loops that can be
imbedded within the material. Many V-defects found at disloca-
tions do not necessary originate at them, and many of these
V-defects are formed at dislocation free areas. Therefore, new
explanations and new models that would consider a broader
approach for V-defect formation require further work.

Many studies showed that definitely, layers with the smallest
number of dislocations will show better optical performance; there-
fore, several methods to minimize dislocation density were developed
such as strain-layer superlattices that help bending the dislocations
from the active areas of the devices. It was shown"” that in GaN, the
number of V-defects increased when the O concentration increased
and clearly showed that with intentionally introduced dopants, the
number of V-defects drastically increased and their density can be
governed by the growth condition such as temperature.”® By chang-
ing the growth temperature, different In concentrations can be intro-
duced’® and, therefore, also different strains in the layers due to the
difference in the atom size of Ga and In.

VI. CONCLUSION

Different works that were reviewed here showed that In is not
uniformly distributed in InGaN layers or quantum wells. Indium
sequestrations in the layers and also non-uniformities in layers and
QWs on the atomic level are present. An increase in layer thickness
or In content leads to various structural defects. These include
V-defects and a transformation to a cubic structure characterized
by a high density of stacking faults, resulting in the formation of
polytype-like structures. Such defects persist in samples grown
currently. The observations and models indicating that dislocations
are the sole source of V-defects are not entirely accurate. As

ARTICLE pubs.aip.org/aip/jap

demonstrated earlier (and shown above), dislocations can be drawn
toward V-defects due to the formation of free surfaces on the pris-
matic {1011planes} with much slower growth rate than on c-planes.
Dislocations do not constitute the sole cause of their formation.
V-defects are also formed in dislocation free samples. The variance in
the growth rate on different crystallographic planes, especially in
alloys with large difference in the atomic size of their constituents,
along with the influence of impurities and dopants governed by
growth conditions such as temperature, undeniably contributes to the
formation of V-defects. Detailed characterization using a variety of
experimental techniques in close collaboration with crystal growers
hopefully could lead to a decrease and eventually maybe to the total
elimination in the density of these defects.
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