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 1 Introduction InGaN has attracted many researchers 
as an alloy system with potential applications in light emit-
ting devices and solar cells since by varying In content; 
one can change the bandgap over a large spectral range [1-
3]. Depending on the application, different compositions 
and different layer thickness need to be used. Due to the 
miscibility gap in this ternary system that has been theo-
retically predicted and experimentally observed [4-6], it 
was believed that layers with In content larger than 20% 
are difficult to grow. The difficulty of growth of this com-
pound was related to large atomic radii differences be-
tween the constituents. Earlier studies of InGaN layers 
with In content larger that 40% show that such layers can 
be grown, but some sequestration takes place and two 
sublayers are formed: strained and relaxed, each with a dif-
ferent In content and different arrangement of structural 
defects [7-9]. Since different compositions and different 
layer thicknesses are needed we were interested in how the 
structural film quality is changing when the layer thickness 
increases. We chose In contents not larger than 10% since 

often small In concentrations are used in active areas of 
optoelectronic devices. 
 
 2 Experimental Five InxGa1-xN samples (x = 0.10) 
were grown at 800-830 °C by metalorganic chemical vapor 
deposition (MOCVD) on a 0.5 μm thick layer of GaN 
grown on Al2O3. The samples were expected to have a 
nominally constant In composition of 10% but increasing 
film thickness of ~100 nm, 250 nm, 500 nm, 750 nm and 
1000 nm. Different experimental techniques including 
Transmission Electron Microscopy (TEM) in cross-section 
configuration, X-ray diffraction (XRD) and Rutherford 
backscattering spectrometry (RBS) were used for structural 
characterization. Photoluminescence (PL) and cathodolu-
minescence (CL) studies were carried out in order to corre-
late the structure of the films with their optical properties. 
 A JEOL 3010 with 300 keV accelerating voltage and a 
resolution of 2.4 Å, JEOL CM300 with sub-Angstrom 
resolution and Philips Tecnai microscope for Z-contrast 
high resolution studies have been used for detailed struc-

The relation between structural perfection and optical proper-
ties of InGaN with 10% In are discussed. Transmission Elec-
tron Microscopy, X-ray diffraction and Rutherford backscat-
tering spectrometry measurements show that only strained
layers with a thickness not exceeding 100 nm are defect free
and In concentration is lower than the nominal value. Exten-
sion of layer thickness leads to layer sequestration into
sublayers with different In contents and the formation of pla-
nar defects as a result of layer relaxation. In concentration in

 such sublayers reach and in some cases exceed the nominal
concentration. A single band edge photoluminescence peak is
observed only for the thinnest layer. Samples with larger film
thickness showed multiple PL peaks corresponding to layers
with different In content. Much higher In content would be
required to explain the presence of some PL peaks, suggest-
ing that some PL peaks originate from the defective areas of
the film. This was confirmed by cathodoluminescence studies
performed on the same samples used earlier for TEM studies. 
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tural characterization. Two thin slabs of samples were cut 
in two perpendicular orientations, glued together, polished 
to a thickness of 10 μm and then ion milled until a small 
perforation occurred to obtain electron transparent samples 
for TEM studies.  
 High resolution X-ray diffraction (HRXRD) was used 
in order to determine the strain, mosaicity and the chemical 
composition of the ternary alloys from larger areas of the 
samples by collecting 2θ/ω scans and reciprocal space 
maps (RSM).  HRXRD work was carried out using a Phil-
ips X’Pert MRD diffractometer operated with CuKα radia-
tion. The out-of-plane lattice parameter (c) was determined 
using the 0002 reflection in the triple axis geometry. For 
the in plane lattice parameter (a) asymmetric 1124 reflec-
tions were collected in glancing-exit geometry with double 
axis configuration.  
 The composition and thickness of the InGaN films 
were also determined by Rutherford backscattering spec-
trometry (RBS) using a 2 MeV 4He+ beam at a backscat-
tering angle of 165°. For optimum depth resolution of bet-
ter than 20 nm, some of the samples were tilted at an angle 
of 50° with respect to the ion beam.  The epitaxial quality 
of the films was studied by aligning the ion beam with the 
<0001> axis of the sample. 
 Cathodoluminescence measurements were performed 
on a Zeiss Supra SEM with a home-built fiber optic and 
spectrometer (Ocean Optics) collection system. All meas-
urements were done at room temperature with a 10 kV 
electron beam. 
 

 3 The experimental results 
 3.1 Photoluminescence (PL) studies Intriguing 
PL results were obtained on the studied samples. Photo-
luminesce peak position from the thinnest sample was ob-
tained at 410 nm. This corresponds to an InN fraction of 
10% if the PL comes from the band edge luminescence 
consistent with the expected nominal composition. How-
ever with an increase of sample thickness a monotonic in-
crease in the PL peak position from 410 to 455 nm was ob-
served for samples with nominal thickness from 100 to 500 
nm (Fig. 1). This would correspond to an increase of InN 
fraction up to 18% for the band edge luminescence, but 
this was not expected from the growth.  In addition, a sec-
ond peak at 490 nm started to appear for the sample with 
500 nm nominal thickness, corresponding to a film with 
much higher InN fraction.  Further increase in film thick-
ness to 750 nm results in broadening and blue shift of the 
PL peak.  Careful examination reveals that the broad PL 
peak for this sample consists of three peaks at about 405, 
425 and 442 nm.  This would again require different InN 
fractions of 9, 12.5 and 15%, respectively. The multiple 
peaks also appeared in the thickest sample but their origin 
was not clear.  
 Appearance of multiple PL peaks in InGaN is normally 
attributed to the presence of In droplets [10-13]. With the 
relatively low In content in our samples droplets are not 
expected.  In addition, there is some dispute on the in-situ 

occurrence of these droplets due to high-energy electrons 
used during observation by TEM [14]. Since only the top 
~300 nm was sampled by the PL measurement, the differ-
ence in the PL results as the film thickness increased re-
flects the change in the sample perfection with the layer 
thickness. Since only in InGaN with higher In concentra-
tions has a miscibility gap been predicted [4], the low In 
concentration (10%) in our sample is not usually consid-
ered as problematic. Therefore, we expect that the multiple 
PL peaks must have a different origin than an increased In 
content alone. We used different methods to learn about 
the structural quality of our samples and also used CL on 
cross-sectional TEM samples to obtain the spectra from 
different areas of the samples in order to understand the 
origin of the multiple peaks in PL. 
 
 

Figure 1 Normalized PL intensities from the studied samples. 
Nominal sample thickness is indicated. 
 
 3.2 TEM studies A thickness measurement by bright 
field TEM from all five samples in cross-section configu-
ration showed slight differences compared to the nominal 
thicknesses. Already for the thinnest sample (nominal-100 
nm thick), the measured thickness was only 69 nm. We ob-
serve that the higher the InGaN layer thickness, the larger 
the differences between the nominal and observed thick-
ness. The measured thickness for the remaining samples 
was 200 nm, 400 nm, 520 nm and 730 nm compared to the 
nominal value of 250 nm, 500 nm, 750 nm and 1000 nm. A 
TEM image of the thinnest sample (100 nm nominal) (Fig. 
2a) shows that this sample was practically defect-free. A 
small difference in the diffraction contrast allows us to de-
termine the location of the interface (Fig. 2a). Only occa-
sionally could some stacking faults be observed, but not 
more than 2-3 defects in all transparent areas of the sample 
(larger than 1 mm in length). The sample surface was very 
smooth.  

 
 



2628 Z. Liliental-Weber et al.: Structural perfection of InGaN layers and its relation to PL 

 

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.pss-c.com 

p
h

ys
ic

ap s sst
at

u
s

so
lid

i c

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2 Cross-section TEM micrographs; (a) from the thinnest 
sample (nominal 100 nm-measured 69 nm). The arrow indicates 
the interface. Note high structural perfection of this sample; (b) 
from the thick sample (nominal 750 nm-measured 520 nm). Only  
part of the sample close to the interface is shown. Note high de-
fect density. Some domains with closely arranged planar defects 
are indicated by arrows. 
 
 With an increase of sample thickness more planar de-
fects could be found located above 70-80 nm from the in-
terface. In most cases they were surrounded by small V-
shape voids. Their density also increased and the lateral 
distance between them was already a few hundred nano-
meters. The surface of the 200 nm thick sample started to 
be undulated. Some depressions could be found when a 
dislocation intersected with the sample surface. With fur-
ther increase of sample thickness, a clear two-layer struc-
ture (a strained defect-free layer and a relaxed layer with 
high defect density) could be observed. The area close to 
the interface had almost no defects but above it long stack-
ing faults (several hundred of nanometers) could be ob-
served. These stacking faults were stacked on top of each 
other and the vertical separation measured was about 10 
nm-30 nm. The surface of the sample had a saw-like shape 

with a roughness (measured from the valley to the top) of 
more than 100 nm. In this sample some small randomly 
distributed domains were formed with closely separated 
planar defects.   
 An increase of the layer thickness led to a higher den-
sity of long planar defects and the number of domains also 
increased together with their size (Fig. 2b, marked by ar-
rows). It was interesting to note that these domains were 
surrounded by voids. High-resolution electron microscopy 
and Z-contrast microscopy using High Angle Annular 
Dark Field (HADDF) revealed the formation of basal 
stacking faults [15] with large areas of cubic material, lar-
ger than expected for a particular type of stacking fault in 
the wurtzite structure. There are areas in the sample where 
cubic material can remain to the top of the layer surface, 
but in the majority cases these “polytype-like areas” can be 
converted back to a hexagonal layer arrangement with a 
high density of randomly distributed stacking faults. More 
details on this subject have been reported earlier [15]. For 
the sample with the larger thickness of 730 nm, some pla-
nar defects and domains with “polytype-like arrangement 
were “pushed” to the interface and such a layer was almost 
completely relaxed. 
 
 3.3 X-ray studies Two methods were applied to all 
five samples: high resolution X-ray diffraction (HRXRD) 
by collecting 2θ/ω scans and reciprocal space maps. 
HRXRD studies showed a single peak for the thinnest 
sample that was slightly shifted toward the GaN peak for 
the 200 nm thick sample. Already for the 400 nm thick 
sample, where the formation of long stacking faults was 
observed by TEM, a second peak could be observed even 
closer to the GaN peak [15]. With an increased layer thick-
ness this second peak shifted closer to the GaN peak and 
  
Table 1 Lattice parameters and In content (X-ray studies).  

Samples c (Å) a (Å) crelax (Å) arelax (Å) x (%) 

GaN exp 5.1886 3.1866    

S196-100 
nm 

   strained 

5.25248 3.1841 5.2228 3.2417 7.3 

S192-
250 nm 

strained 

relaxed 

 

5.2474 

5.2474 

 

3.1841 

3.2175 

 

5.2221 

5.2393 

 

3.2143 

3.2259 

 

7.2 

10.5 

S004-
500 nm 

strained 
relaxed 

 

5.2458 
5.2243 

 

3.1950 
3.2200 

 

5.2251 
5.2268 

 

3.2163 
3.2174 

 

7.8 
9.4 

S005-
750 nm 

strained 
relaxed 

 

5.2527 
5.2331 

 

3.1887 
3.2229 

 

5.2256 
5.2338 

 

3.2166 
3.2222 

 

7.8 
9.4 

(b) 

(a) 
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had higher intensity. Two clear peaks (or more since the 
full width at half maximum is rather broad) indicate the 
presence of two sublayers with two different c parameters, 
where the split of the layer can be related to the onset of re-
laxation in the InGaN layer or a difference in Indium com-
position. Assuming the validity of Vegard’s law for the lat-
tice parameters and using the elastic constants of InN and 
GaN [16], the Indium compositions was determined by ap-
plying Schuster's equations [17]. Table 1 gives the Indium 
content and lattice parameters.  

X-ray reciprocal maps confirmed TEM observations 
and showed that the thinnest layer was completely strained. 
The reciprocal node was arranged in the same line as GaN 
(Fig. 3a). With an increased layer thickness the second 
node appeared with increasing intensity. For the largest 
layer thickness the intensity of the new node dominated 
leaving only a small indication of the presence of the node 
from the strained layer (Fig. 3b). 

Figure 3 Reciprocal space maps for assymetrical 1124 reflection 
from the InGaN samples with the nominal thickness of 100 nm 
(a) and 750 nm (b). Note formation of two nodes: one with lattice 
parameter as GaN and the second from the relaxed part of the 
layer. 
 
 3.4 RBS studies The RBS spectra were taken from 
each of five samples and later simulated to determine the 
layer thickness and a composition. An excellent agreement 
was obtained for the thinnest sample.  The experimental 
and calculated spectra overlapped (Fig. 4) with an assump-

tion of a layer thickness of 63nm (69 nm from TEM) and a 
composition of 7% (7.3% ± 0.5% from HRXRD). For the 
thicker layers there was no agreement when only two com-
positions (as determined by HRXRD) were taken into ac-
count. The full agreement with the experimental curves 
was obtained only when the relaxed parts of the layers 
were sequestrated into sub-layers with varying composi-
tion as shown in Table 2. It is therefore, expected that the 
atomic arrangement in the defective parts of the layers 
might lead to different compositions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 RBS spectrum from the thin sample. 
 
 
Table 2 Layer thickness in the sublayers estimated based on 
RBS studies. First column gives the nominal thickness of a whole 
layer and next columns give the thickness and In content in the 
sublayers to match the experimental curves. The arrows in the 
columns indicate sublayer stacking direction till the surface is 
reached in each sample. 

Samples    

S196-100 nm 

   t (nm) 

   x (%) 

 

63 
7 

  

S192-250 nm 

   t (nm) 

   x (%)   

   t (nm) 

   x (%) 

 

40→ 

8.5 

26 surface 

9.9 

 

40→ 

10.5 

 

58→ 

11 

S004-750 nm 

   t (nm) 

   x (%) 
   t (nm) 

   x (%) 

  t (nm) 

   x (%) 

 

52→ 

9 

92→ 

13 

46 surface 

9.5 

 

92→ 

13.5 

80→ 

11.5 

 

92→ 

14 

80→ 

10.5 

(a) 

(b)
 

GaN 

GaN 

 

InGaN 

 

InGaN 
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 3.5 Cathodoluminescence (CL) studies It was 
clear from the TEM studies that the structural quality is 
changing with layer thickness, therefore, out of the five 
cross-section samples that were studied earlier by TEM 
and well characterized, two were chosen for CL studies. 
We wanted to see how the structural quality of the sample 
influences the CL peak position. Therefore, the experiment 
was set on the thinnest sample, where TEM studies indi-
cate as almost defect free sample and the second sample 
with the measured thickness of 520 nm (nominal 750 nm) 
where long stacking faults, domains with closely separated 
planar defects (“polytype-like”) and large areas of cubic 
material were formed. The CL spectra were taken from the 
different areas of the samples: the Al2O3 substrate, the GaN 
buffer layer and the InGaN layer. CL spectra were then 
taken by focusing the beam onto a single spot ("spot-
mode") at various locations across the cross-section sample 
(substrate, interfacial area and several spots in the layer). 
Though the radius of this electron beam spot is very small 
(~2-5 nm), the volume in the material throughout which 
electron-hole pairs are generated is much larger and ulti-
mately dictates the spatial resolution our CL measure-
ments. For the thinnest sample CL peaks appear at 2.97 eV  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 CL spectra from: (a)  the thin sample (nominal 100 nm) 
and (b) from the thick sample (nominal 750 nm). The arrows in-
dicate peaks with different energies: I-1.606eV, II-2.974eV, III-
3.296eV; IV-3.64 eV; A-2.076eV, B-2.468eV and  C-2736 eV. 

from the InGaN layer and 3.296 eV from the GaN, slightly 
lower than the energy gap of GaN (3.4 eV). Two peaks are 
also observed from the substrate, one at lower energy (1.6 
eV) and one at higher energy of 3.7eV (Fig. 5a).  
 For the thicker sample (where the structural perfection 
varies with sample thickness) several spectra were taken; 
starting from the substrate, through the interfacial area to 
the sample surface. One can notice that the peaks for the 
substrate and GaN remain in the same positions as ob-
served for the thin sample (Fig. 5b). However, at some 
point indicated on Fig. 5b as “interface” a peak at 2.076 eV 
(A) appears and remains through the entire layer to the top 
surface. A second peak at 2.468 eV (B) also starts at the in-
terfacial area with a low intensity, increases intensity in the 
central part of the layer but then completely disappears at 
the sample surface. The third peak at 2.736 eV (C) appears 
only in the central part of the InGaN layer and remains to 
the top surface. One should notice that there are different 
peak positions at different parts of the layer and the peak 
that was observed for the thinnest sample is not observed 
at any place of the thick sample. A simple calculation of 
the dependence of the wave length and energy gap on InN 
fraction in the InGaN is presented by equation below and 
this dependence is shown on Fig. 6. 

( ) ( )( ) ( )(1 ) (1 )
g g g

E x E InN x E GaN x bx x= + − − −  

 Here we use the bowing parameter b = 1.43 eV after 
Wu et al. [18].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6 Calculated bangap energies and wavelength for differ-
ent InN mole fractions. 
 
 Based on the dependence shown above one can notice 
that the energy of 2.97 eV (Fig. 5a - peak II) observed in 
the thinnest sample would require 10% InN. This is the ex-
pected nominal concentration, which was very close to the 
7% estimated from both RBS and X-ray studies. However, 
for the second thick sample the energy of 2.076 eV (Fig. 
5b - peak A) would require 40% InN, B-2.468 eV-24% 
InN and C-2.736-19% InN. 

(a) 

(b) 
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 4 Discussion and conclusions This study shows 
that InxGa1-xN samples are very complex and the structural 
quality is changing even for low In contents if larger sam-
ple thicknesses are grown.  Only for small sample thick-
ness, (not exceeding 70-100 nm) are practically defect free 
layers observed. This composition is lower than the nomi-
nal (confirmed by X-ray studies and RBS) since the 
strained layer tries to match the underlying GaN and re-
jects In, most probably to the sample surface, causing an 
excess of In. With such an In excess, the presence of in-
trinsic dislocation loops with an inserted layer would be 
expected, most probably rich in In. Therefore, it is not sur-
prising that as soon as the sample thickness exceeds the 
critical layer thickness planar defects start to appear. This 
is in contrast to the assumption of In droplet formation fre-
quently cited in the literature [10-13]. These planar defects 
in the layers with a thickness of about 200 nm can be better 
described as intrinsic Frank type dislocation loops, where 
the inserted layer is a stacking fault. For an increase of 
sample thickness these stacking faults (loops with a large 
diameter) become longer and longer, as seen on cross-
sectional TEM micrographs, and the vertical separation be-
tween them also becomes smaller. There are areas where 
these planar defects are so close to each other that small 
domains are formed with almost “polytype-like” arrange-
ment. The presence of small voids in their surrounding ar-
eas might suggest local conglomeration of N vacancies to 
form these voids. The local change in distribution of these 
planar defects would explain the RBS data suggesting 
layer sequestration into sublayers with different In concen-
tration. InxGa1-xN layers start to relax by the formation of 
planar defects. This is confirmed by the formation of an 
additional node in the reciprocal mapping. One needs to 
notice that there are no additional dislocations formed at 
the interface with GaN. The dislocations that are present in 
the layer are the same as those that originated at the Al2O3 
substrate interface.  
 Only for the thinnest, strained, defect free sample was 
a single band edge PL peak observed. Samples with larger 
thicknesses showed multiple peaks corresponding to layers 
with different In contents. However, much higher In con-
tents than measured would be required to explain the pres-
ence of some PL peaks with longer wavelengths. These re-
sults would suggest that some PL peaks are coming from 
defects in the relaxed part of the layers. This was clearly 
confirmed by CL studies where peaks with different en-
ergy (wave length) appear in the thin sample and in the de-
fective sample, where the atomic arrangement is different. 
These studies clearly show the influence of structural de-
fects on optical properties and we are working on obtaining 
CL spectra from individual defects to better understand the 
origin of particular peaks. 
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