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ABSTRACT 
 
We summarize structural properties of thick HVPE GaN templates from the point of view of their 
application as substrates for growth of nitride layers. This is followed by the results of optical and 
structural studies, mostly transmission electron microscopy, of nitride layers grown by MOCVD on top of 
the HVPE substrates. The results indicate high structural quality of these layers with a low density of 
threading dislocations (in the range of 106 cm-2). Convergent beam electron diffraction studies showed 
that the MOCVD GaN films have Ga-polarity, the same polarity as the HVPE GaN substrates. Structural 
studies of an InGaN layer grown on top of the MOCVD GaN film showed the presence of two layers, 
which differed in lattice parameter and composition. The upper layer, on the top of the structure had a c-
lattice parameter about 2 % larger than that of GaN and contained 10.3  ± 0.8 % of In. Values measured 
for the thinner, intermediate layer adjacent to the GaN layer were about 2.5 times lower. 
 
INTRODUCTION 
 

Large area substrates for homoepitaxial growth of GaN layers have recently became 
available as a result of recent progress in production of thick freestanding GaN layers grown by 
hydride vapor phase epitaxy (HVPE) [1,2] followed by laser-assisted liftoff [3-6]. Such 
substrates have been successfully applied to grow GaN layers using both, metal organic chemical 
vapor deposition (MOCVD) [4,7] and molecular beam epitaxy (MBE) [8] methods, resulting in 
high quality films, as demonstrated by the high quality of their optical spectra and good electrical 
characteristics. In this paper we report results of structural studies obtained by transmission 
electron microscopy (TEM), x-ray diffraction (XRD), and photoluminescence (PL)  of such GaN 
and InxGa1-xN films grown by MOCVD on freestanding HVPE GaN substrates. 

Fabrication of high quality InxGa1-xN/GaN heterostructures is important because such 
heterostructures are used as active layers in nitride based light emitting devices. Although bright 
light emitting devices, and lasers from the visible to the ultraviolet region have been fabricated, 
the growth of high quality InxGa1-xN films and their microstructures are still not well understood. 
Application of high quality freestanding GaN substrates for fabrication of InxGa1-xN/GaN 
heterostructure eliminates the negative effects resulting from severe lattice mismatch associated 
with heteroepitaxy on sapphire, SiC and other foreign substrates. 

The paper is divided into two parts. First, the microstructure and structural characteristics of 
HVPE GaN will be discussed. The properties of both, thin HVPE GaN layers, attached to a 
sapphire substrate, and thick free-standing GaN layers removed from the sapphire and prepared 
for use as substrates for subsequent growth of nitrides will be summarized. In the second part of 
the paper results of studies, performed on GaN and InxGa1-xN MOCVD layers grown on the 
freestanding HVPE GaN templates will be presented.  

 



FREESTANDING HVPE GaN 
  

Freestanding GaN substrates used in this investigation were produced by laser lift-off of 
thick HVPE GaN layers from the sapphire substrates on which they were grown. HVPE GaN 
layers have been grown on several substrates however, sapphire is most commonly used. 
Because of the large mismatch in the lattice parameters and thermal expansion coefficients 
between GaN and sapphire, a high density of misfit dislocations, with an average separation of 
about 20 Å is formed at the layer/substrate interface [9]. Lattice mismatch also leads to the 
formation of a high density of threading dislocations which are the dominant defects in HVPE 
GaN grown on sapphire. Threading dislocations are formed in the early stages of growth because 
the GaN film starts to grow in an island mode resulting in many slightly tilted/twisted GaN 
subgrains. Threading dislocations are formed at the subgrain boundaries due to this 
misorientation and possibly also as a result of point defect condensation, as suggested recently 
[10]. The density of threading dislocations in the sub-micrometer thick layer adjacent to the 
interface with the sapphire is of the order of 1010 cm-2. Once threading dislocations are formed 
they propagate into the layer during further growth. Despite this high initial density of threading 
dislocations, their number gradually decreases, as the layer becomes thicker. This is due to 
interactions between adjacent dislocations resulting in annihilation or combination. However, 
this dislocation reduction is most efficient when dislocations are close to each other. Two 
dislocations can either annihilate or form a single dislocation with different Burgers vector. 
Therefore, in the early stages of HVPE GaN layer growth when many dislocations are inclined, 
due to the island growth mode, the overall density of dislocations decreases rapidly. As the 
distance from the substrate increases, the number of inclined dislocations decreases, compared to 
the number of dislocations almost parallel to the c-axis, and the rate of dislocation density 
reduction slows down. Our recent detailed studies showed that the threading dislocation 
reduction mechanism in HVPE GaN grown on sapphire is well described, as shown in Fig.1, by 
a 1/h-scaling factor, where h is film thickness [9]. Such behavior was originally proposed for 
cubic materials by Speck et al. [11] and this theoretical model has been extended by Mathis et al. 
[12] to the case of GaN layers. From data shown in Fig.1 one can see that the density of 
threading dislocations is reduced by about four orders of magnitude when thick layers, with a 
thickness of a few hundred micrometers are grown.  

The few hundred micrometer-thick freestanding HVPE GaN templates after, removal of 
about a one hundred micrometer thickness from the substrate side, have a density of dislocations 
in the range of a few times 107 cm-2 on the substrate side, and only about 5 x 106 cm-2 on the 
surface side. Despite this low density of dislocations such a layer can not be used directly as a 
substrate for epitaxial growth due to its surface roughness caused by the presence of large 
hexagonal pyramids [4]. However, this roughness can be removed using mechanical polishing 
and dry etching followed by wet etching in molten KOH. Such a procedure results in a smooth, 
flat, epi-ready surface [8]. 

The types of threading dislocations in HVPE GaN are similar to those observed in materials 
grown by other methods. Three Burgers vectors: 1/3<11-20>, <0001> and 1/3<11-23> 
representing edge, screw and mixed-type dislocations are present. In thin layers, the densities of 
all three types of dislocations are similar but as the layer becomes thicker a higher fraction of 
mixed dislocations remains in the film [9]. Recently, we have shown that many of the screw 
dislocations in HVPE GaN layers have a bamboo-like structure due to a decoration of the core  
with small, nanometer-size, nanopipes [13,14]. 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
Fig. 1. Reduction of threading dislocation density in HVPE GaN (after Ref. [9]). 
 

Extensive studies, using convergent beam electron diffraction (CBED) show that, HVPE 
GaN layers grow with Ga-polarity [5,9]. This means that the Ga-N bond parallel the c-axis in the 
growth direction is from Ga to N. In addition, no inversion domains (IDs), regions with opposite 
(N) polarity, were found in a large majority of the HVPE GaN layers. Only recently, we 
observed a freestanding GaN layer in which a high density of IDs were present only near the 
substrate side [9]. Their presence was shown by CBED and was supported by diffraction contrast 
experiments: inversion domain boundaries (IDBs), which surround IDs disappeared for g-vector 
perpendicular to the c-axis and were in strong contrast for g-vector parallel to the c-axis, 
similarly as in the previous studies of IDs in GaN [15,16]. The presence of such IDs does not 
have a negative impact on the quality of the free surface of the thick HVPE layer and on the 
quality of the subsequent layer structure grown on this surface. This is because such IDs are 
overgrown by the surrounding, Ga-polarity material, which apparently grows faster. In a 
freestanding layer, which contained such IDs, all areas of N-polarity terminated within a few tens 
of micrometer thickness near the substrate side. The remaining, top part of this ~200 µm-thick 
layer was ID-free. 

Summarizing this part of the paper, all quasi-bulk, few hundred micrometer-thick, 
freestanding HVPE GaN templates have primarily Ga-polarity, and are ID-free near the surface 
side. After mechanical polishing followed by appropriate etching, such templates have very 
smooth, flat, epi-ready surfaces, which together with their very low density of dislocations (~ 5 x 
106 cm-2 on the surface side) makes them suitable candidates as substrates for epitaxial growth of 
nitride layers. 
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MOCVD LAYERS GROWN ON FREESTANDING HVPE GaN  
 
Optical properties 
 

Two MOCVD layer structures (H01 and H05) were grown for this study. Sample H01 
contained a nominally undoped 2 µm-thick GaN layer on top of a 200 µm-thick GaN template. 
PL spectra from the GaN substrate and MOCVD-overgrown layer are shown in Fig. 2. Multiple 
sharp peaks confirm the high quality of the substrate and the layer. Donors, labeled as D1 and D2 
in Fig. 2, that participate in exciton recombination, are identified as oxygen and silicon, 
respectively [8]. Reduction of the FWHM of the main peak from ~ 0.8 to 0.47 meV after 
overgrowth of the thin GaN layer on the GaN freestanding substrate evidences improvement of 
crystal quality. Deeper analysis of the spectra will be given elsewhere.  
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Fig. 2. Excitonic PL spectrum for HVPE-grown GaN substrate and MOCVD-overgrown GaN layer. 
 
Sample H05 contained a nominally undoped 1.0 µm-thick GaN layer followed by a ~30 nm 

InxGa1-xN layer. The In mole fraction x of the InxGa1-xN layer was estimated to be 0.12 from 
XRD and PL spectra. The PL peaks at 3.018 and 3.474 eV with peak widths of 36 and 6.3 meV 
were identified at 15 K from the InxGa1-xN and GaN layers (Fig. 3). 
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Fig. 3. PL spectrum of InGaN layer grown on top of GaN. The peak at 3.018 with two or three LO-
phonon replicas is attributed to excitonic recombination in the InGaN layer. Other features are believed to 
be related to GaN. In addition to exciton emission (peak at 3.474 eV), shallow donor-acceptor pair band 
with the main peak at 3.28 eV and a broad yellow luminescence band peaking at 2.3 eV were identified. 

 
Polarity 

 
In order to determine crystal polarity of the MOCVD layers CBED study was performed and 

the well-established method [17-19] was applied. This method uses the asymmetry of the 
intensity distribution between the (0002) and (0002) diffraction discs of the [1100] zone axis 
CBED pattern. Because the intensity distribution within the specific CBED disc depends not 
only on the crystal polarity but also on the TEM specimen thickness. The intensity distribution 
within the central - (0000) - disc was first used in this method to determine the specimen 
thickness. Then a CBED pattern was simulated for this specific thickness to match the 
asymmetrical intensity distribution within the (0002) and (0002) diffraction discs, which allows 
determination of the crystal polarity. 

Results obtained from application of this method for samples H01 and H05 are shown in 
Fig.4. Experimental CBED patterns (shown in Figs 4(b) and 4(f), respectively) were recorded in 
the areas marked by the electron beam on images shown in Figs 4(a) and 4(e), respectively. 
Simulated CBED patterns for 220 nm and 205 nm sample thickness are shown in Figs 4(c) and 
4(g). A good match between experimental CBED patterns and simulated ones was obtained for 
these thicknesses. Both layers were shown to have grown with Ga-polarity. Schematic 
representation of atom arrangement along the crystal growth direction are shown in Figs 4(d) and 
4(h). 

Our CBED studies did not show presence of any IDs which was also confirmed by dark field 
imaging under two-beam conditions with g-vector parallel to the c-axis, which is sensitive to 
polarity change. All results indicate that both MOCVD GaN layers have uniform Ga-polarity, the 
same polarity as the freestanding HVPE GaN substrates used for the growth. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig.4. Polarity determination for MOCVD grown GaN layer in H01/H05 sample: (a)/(e) TEM micrograph 
of this layer (arrow indicates the nominal location of the interface between the layer and the freestanding 
HVPE GaN substrate): (b)/(f) The experimental [1100] zone axis CBED patterns recorded from the area 
marked by the beam; (c)/(g) [1100] CBED pattern simulated for 220 nm (205 nm) and Ga-polarity of the 
crystal (Note very good match between simulated and experimental patterns): (d)/(h) Schematic 
distribution of N and Ga atoms along the c-axis. 

 
 

Microstructure of MOCVD GaN 
 
A TEM investigation of the MOCVD GaN layer grown in sample H01 showed very high 

crystal quality. First, the interface between this layer and the HVPE GaN substrate could not be 
detected in the TEM micrographs suggesting that there were no defects or large-scale impurities 
present at this interface. The only defects observed in the layer were threading dislocations with 
a density of the order of a few times106 cm-2. All these dislocations propagated from the 
substrate. One such dislocation is show in Fig. 5(a) where the nominal location of the 
layer/substrate interface is marked by arrows. 

As mentioned in the first part of this paper, screw dislocations in HVPE GaN are often 
decorated by small nanopipes. Here in sample H01, some screw dislocations present in the 
HVPE GaN substrate were decorated by such nanopipes as shown in Figs. 5(b) and 5(c). 
However, MOCVD growth seems to be different from that of HVPE. There are no nanopipes 
observed along these dislocations during the MOCVD growth (see Figs 5(b) and 5(c)). 
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Fig. 5. (a) TEM micrograph of MOCVD layer grown in sample H01. The only defects present in this 
layer are threading dislocations originated from the HVPE freestanding substrate. (b), (c) Bright field 
TEM micrographs of the area marked in with a dotted box in Fig. 5(a) recorded for g-vector perpendicular 
and parallel to the c-axis. Screw threading dislocations visible in this region are decorated by small 
nanopipes. Notice that these nanopipes are only in the substrate HVPE GaN template (below the arrows 
marking the interface between the template and the MOCVD GaN layer). 
 

Two types of defects were found in sample H05. First, there were again threading 
dislocations originating from the substrate, with a density of the order of a few times106 cm-2. 
Some of the threading dislocations were found to bend at the InxGa1-xN/GaN interface, as shown 
in Figs 6(a) and 6(b). In addition to threading dislocations some dislocation loops (DLs), located 
on the c-plane were observed (see Fig. 6(a)). They were visible in strong contrast for g-vector 
perpendicular to the c-axis and disappeared for the g-vector parallel to the c-axis (see Fig. 6(a) 
and 6(c)). However, a majority of these DLs were located below the layer/substrate interface 
within the HVPE GaN substrate. Therefore it seems that MOCVD GaN layer in sample H05, 
also has a very good structural quality. As in the case of sample H01, no structural defects were 
observed to nucleate at the layer/substrate interface. In fact, the interface was also very difficult 
to detect and could only be distinguished in TEM micrographs recorded for g-vector parallel to 
the c-axis (see Fig. 6(d)). This suggests that some residual impurities could be present at this 
interface. 

Summarizing, MOCVD GaN layers grown on high quality freestanding HVPE GaN 
substrates were found to have a high structural quality. The interface between such layers and the 
substrate was either undetectable or hardly detectable in TEM micrographs suggesting that there 
were no structural defects and only some residual impurities present and this interface. The main 
structural defects found in these layers were threading dislocations, originating from the 
substrate, with a low density in the range of few times 106 cm-2. Small nanopipes were observed 
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to decorate some screw dislocations in the HVPE GaN substrates but nanopipes were not 
detected in the MOCVD GaN films grown on top of the HVPE layer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.6. Microstructure of sample H05. Bright field images of the MOCVD GaN layer taken for g-vector 
perpendicular (a) and (c) parallel to the c-axis. (b)/(d) Larger magnification image of the area marked by a 
dotted-line rectangular frame in figure (a)/(c). Notice that the threading dislocation shown in figure (c) 
bends at the interface between MOCVD grown GaN and InGaN layers. Only a slight change of contrast 
[see figure (d)] is visible at the interface between the HVPE GaN substrate and MOCVD grown GaN 
layer suggesting that only some residual impurities could be present at this interface.  

 
Microstructure of MOCVD InGaN 

 
The InGaN layer grown by MOCVD on top of a 1 µm-thick MOCVD GaN layer in sample 

H05, was intensively studied by different microscopic techniques. Our studies indicate that this 
layer contains at least two sublayers with different compositions. It was first indicated by high-
resolution electron microscopy (HREM) images, where a difference in contrast suggested the 
presence of two separate sublayers. An example of such an image is shown in Fig. 7(a), where 
arrows indicate the location of interfaces. The first sublayer adjacent to the MOCVD GaN layer 
has a thickness of about 10 nm. On top of it, there is a second layer with a thickness of about 25 
nm. The location of both interfaces is also indicated on the plot, shown in Fig. 7(e), showing the 
brightness level in such HREM image averaged along the lines parallel to the c-planes. In this 
plot, in addition to fast brightness oscillations corresponding to the lattice fringing (see also inset 
where such oscillations are shown more clearly), there is also a change of average brightness 
level at a larger scale. Two well-defined thresholds are visible in positions corresponding to the 
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locations of both interfaces (between GaN and the first InGaN layer and between the first and the 
second InGaN layers). The average brightness has its highest value in the area of the GaN layer 
and its smallest value in the area of the second InGaN layer. Such a change of the brightness 
level indicates that the two InGaN layers had different In contents, the thicker layer, located 
closer to the surface, with lower brightness level contains more In. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. (a) HREM image of InGaN/GaN layer structure – abrupt interfaces indicated by arrows suggest 
existence of two, well-defined InGaN layers. (b)-(d) Detailed HREM images (recorded with higher 
resolution that image from Fig. 7(a)) of MOCVD GaN layer and both InGaN layers. (e) Profile of the 
average brightness level in image shown in Fig. 7(a). Sharp oscillations represent c-lattice fringing and 
two thresholds indicate the location of both interfaces marked on Fig. 7(a). Inset shows c-lattice fringing 
oscillations from the area marked with a dotted-line rectangular frame. (f) Profile of the relative change of 
c-lattice parameter across the layer structure. Notice that again at least two well-defined InGaN layers 
(with a c-lattice parameter larger than that of GaN) are visible. 
 

In order to measure the lattice parameter HREM images taken from all three layers (GaN and 
both InGaN layers) were used. Examples of such HREM images are in Figs 7(b)-7(d). The 
smallest c-lattice parameter was measured in the image of the GaN layer (Fig. 7(d)) and the 
highest in the image of the second InGaN layer (Fig. 7(b)). Results of a more quantitative 
analysis are shown in Fig. 7(f), where the relative change of c-lattice parameter is plotted across 
the layer structure. Despite a relatively high uncertainty for these experimental data, two well-
defined layers with thicknesses similar to those obtained from the brightness level profile are 
visible. The lattice constant of the first, thinner InGaN layer in the c-direction is about 0.7 ± 0.5 
% larger than that of the GaN layer. The lattice constant of the second layer is about 2.1 ± 0.5 % 
larger than that of GaN. In addition, these c-lattice parameter measurements showed also a 
systematically higher value (of about 3 %) in a thin layer located just below the surface (see Fig. 
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7(f)). This correlates well with a small additional threshold visible in the brightness level profile 
(see Fig. 7(e)) and suggests that the second layer can in fact be composed of two separate layers 
(the second one with a thickness of about 5 nm). 
In order to confirm if In concentration is changing in these layers energy dispersive X-ray (EDX) 
line profiles were measured across the layer structure. Two sets of such profiles (measured 
across longer and shorter distance) are shown in Fig. 7. Ga and In profiles are shown together to 
see changes in the relative amounts of both elements. In addition, a profile of the background 
intensity change is shown as a reference. One can see from In EDX profiles that there are two 
distinct layers containing a significant amount of this element. The first layer has a thickness of 
about 10 nm and the second one, located below the surface has a thickness of about 30 nm. The 
second, thicker layer has about 2.5 times more In than the thinner one. Both, thicknesses and 
relative indium compositions agree well with our TEM results (thicknesses of ~10 nm, and ~25 
nm measured from brightness level plot and about 3 times larger relative change of the c-lattice 
constant) confirming that there are at lest two InGaN layers present in this sample. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 8. EDX line profiles of Ga and In peak intensity measured across the InGaN layer grown on top of 
1µm-thick MOCVD GaN layer. Line profile of background intensity is shown as a reference. 
 

Because higher In concentration in InGaN layer is equivalent to lower Ga content an increase 
of the In peak in the EDX spectrum should be associated with a decrease of the Ga peak. This is 
in fact what was measured for this structure  (see Fig. 8). At the left-hand side of the profiles, in 
the GaN layer, where there is no In detected, the Ga peak has a high, almost constant level. In the 
thinner In-rich layer adjacent to GaN the intensity of the Ga peak decreases slightly. This 
decrease is more pronounced in the thicker, top In-rich layer. The relative change of the Ga peak 
intensity between the GaN layer and the top layer of InGaN, was used to estimate that In content 
in this layer, was about 12 ± 2 %. Taking into account the relative change of indium content 
between the first and the second layer a value of about 4.8 ± 1 % for In content in the first, 
thinner layer was obtained. These results agree with those obtained from a quantitative analysis 
of the EDX spectra, where background subtraction and a model line shape fitting of the Ga and 
In peaks, were applied. Such a quantitative analysis provided more accurate values of In 
concentrations: 4.4  ± 0.5 % and 10.3  ± 0.8 % for the lower and the top InGaN layers, 
respectively. 
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The results obtained on InGaN/GaN heterostructure grown by MOCVD on freestanding 
HVPE GaN substrate indicate a very high quality of this hetersotructure manifested by layer 
thickness uniformity and interface abruptness. Different structural studies (HREM together with 
quantitative analysis of c-lattice parameter and EDX measurements) indicate presence of at least 
two well-defined InGaN layers with thicknesses of about 10 nm and 25 nm, respectively. The 
thicker, top layer has an In content of 10.3  ± 0.8 % and a c-lattice parameter about 2 % larger 
than that of pure GaN. Both these values are about 2.5 times larger than that measured in the 
thinner InGaN layer, on top of the GaN film. Uniform thickness and composition of both InGaN 
layers (except for a slight increase in c-lattice parameter in the upper ~5 nm-thick part of the 
second layer) and abrupt interfaces indicate high quality of this layer structure. Presence of these 
two InGaN layers suggest spontaneous vertical In localization as observed earlier [20,21]. 
Alternatively a sudden change in growth conditions could result in formation of two separate 
layers with different In contents. 
 
CONCLUSIONS 
 

Defect characterization using TEM was performed for freestanding GaN grown by HVPE. It 
was shown that dislocation density decreases with increasing layer thickness. Such quasi-bulk, 
large-area (few hundred micrometer-thick) templates were used as substrates for growth of GaN 
and GaN/InGaN layers using MOCVD. Sharp lines in PL spectra measured for these layers 
indicate high structural quality, which was confirmed by structural studies. These studies show 
that after appropriate pre-treatment HVPE layers can have epi-ready surfaces and are suitable 
substrates for growth of nitride films. InGaN/GaN layer structure grown on such a substrate was 
found to have abrupt interfaces. A two-layer structure with two different lattice parameters and 
different In compositions was found in the InGaN film.  
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