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High quality epitaxial films of AlxGa1-xN, grown on SiC substrates, were investigated using spatially 
resolved cathodoluminescence (CL), scanning electron microscopy, and atomic force microscopy. A 
variation in the observed peak energy position of the CL was related to alloy fluctuations. CL was 
used to reveal relative alloy fluctuations of approximately 1% on a sub-micrometer scale, with a 
precision difficult to surpass with other available techniques. By correlating data from the different 
techniques, a model was derived. The main feature of it is an alloy fluctuation on the micrometer 
scale, seeded during the initial growth and extending through the epitaxial film. These alloy 
fluctuations seems to be related to terrace steps (≈5 nm in height), formed preferentially at scratches 
on the SiC surface. This investigation indicates that the initial growth of epitaxial films is critical and 
structures formed at the beginning of the growth tend to persist throughout the growth. Further, a 
strain gradient from the SiC interface extending towards the surface, was observed.

 

1 Introduction

III-V nitrides, and especially the ternary compounds of
AlGaN, are technologically important for the fabrication
of light emitting diodes and laser diodes emitting light
in the blue and UV region  [1]. These compounds are
also important for the development and fabrication of
high power and high frequency devices  [2]. AlGaN is
generally used as the barrier material for GaN or GaInN
quantum structures, mainly quantum wells. One of the
most serious problems concerning the epitaxial growth
of high quality AlGaN epitaxially on substrates of sap-
phire and SiC, is the large lattice mismatch and the dif-
ferences in thermal expansion coefficients between the
substrate and the AlGaN film. These unfavorable condi-
tions for growth make it difficult to obtain high quality
AlGaN films and it is essential to develop an under-
standing of the factors that are crucial for obtaining a
high crystal quality.

In this investigation, the structural and optical prop-
erties of AlGaN epitaxial films were studied. Spatially
resolved, scanning electron microscopy (SEM)-based
cathodoluminescence (CL) at low temperatures (15-
80K), was used to investigate the quality of the epitaxial

film. This was done in both top view and cross-section.
CL is one of the most powerful methods for characteriz-
ing small alloy fluctuations in AlGaN films, on a sub-
micrometer scale, with a precision difficult to surpass
with any other available technique. This makes CL an
important diagnostic tool in the development of high
quality AlGaN epitaxial films. The epitaxial films were
also investigated using atomic force microscopy (AFM),
transmission electron microscopy (TEM) and field emis-
sion scanning electron microscopy (FSEM).

The geometrical structure of epitaxial films is usu-
ally determined by methods such as SEM, TEM, AFM,
and scanning tunneling microscopy (STM). Variations
in the composition of an epitaxial film can, to some
extent, be determined by SEM, TEM and STM, but to
acquire more detail about the composition, methods
such as X-ray diffraction spectroscopy, energy disper-
sive X-ray analysis, Auger spectroscopy, secondary ion
mass spectroscopy and particle induced X-ray emission
must be used. In this work, the high spatial resolution of
CL and variations in the peak energy position of the
luminescence were used to show variations in the com-
position of the epitaxial films. It would be difficult, if
 MRS Internet J. Nitride Semicond. Res. 7, 5 (2002). 1
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not impossible, to simultaneously study the spatial vari-
ations in composition with the same level of precision
using any other method. Spectrally resolved lumines-
cence is a sensitive probe of the AlxGa1-xN composition;
a variation of 0.01 in x gives a shift in energy of
≈28 meV, with an increase in the Al content giving an
increase in the position of the emission energy. How-
ever, this method must be used with the greatest care,
since the AlGaN composition is not the only parameter
that alters the peak energy position of the luminescence
of an AlGaN layer. The energy position may also be
influenced by crystal polytypes, strain, the presence of
impurities, sample temperature, quantum effects and
excitation density. To justify the interpretation of the
results obtained by CL, the effects of the other potential
sources must be accounted for. It is worth pointing out
that there are two origins of the strain in an AlGaN layer
on SiC  [3]. One is from the actual lattice mismatch
between the substrate and the epitaxial film, which
introduces an in-plane compressive strain in the epitax-
ial film. The second component is from the significant
difference in thermal expansion of the two. This intro-
duces an additional in-plane tensile strain as the sample
is cooled down from the growth temperature. It is gener-
ally considered that the epitaxial film will relax during
growth, and the major strain in the films at room temper-
ature is related to differences in the thermal expansion.
As an example, tensile strain has been reported to intro-
duce shifts from ≈4 meV  [4] [5] to ≈16 meV  [6], in the
case of GaN. The factors contributing to the full width at
half maximum (FWHM) of the luminescence from the
present AlGaN films were investigated, and it will be
shown below that a significant contribution can be
attributed to alloy fluctuations on a micrometer scale.

2 Growth

The samples in this work were grown in a conventional
horizontal-type, low-pressure metal organic chemical
vapor deposition system on the Si face of on-axis 6H-
SiC (0001), using a growth temperature of 1080°C and
the precursors TMAl, TMGa and NH3. The structure
was fabricated by starting at the SiC interface with a 1-3
nm thick AlN buffer layer, followed by a 0.5 µm thick
Al0.12Ga0.88N layer. The layers are nominally undoped,
but there can be a significant unintentional Si doping
originating from the substrate  [7]. Details of the growth
can be found elsewhere  [8].

3 Structural Properties

To study the structure of the epitaxial films on a large
scale, we investigated the samples in top view and cross
section using high resolution FSEM. In this study, the
experimental spatial resolution was better than 10 nm.
Images recorded in top-view (not shown here) displayed

no features, indicating a smooth surface and, therefore, a
uniform film, on the SEM scale. The SEM images of the
cleaved sample were recorded with the sample tilted
≈30 degrees away from the growth direction. SEM
images recorded from the cleaved edge of a sample, as
shown in figure 1, also display a uniform film on the
10 nm scale. The thickness of the film was found to be
≈700 nm. No SEM images recorded normal to the
cleaved plane are shown, since the secondary electron
signal from the edge of the sample was very strong. This
large variation in intensity over the image makes inter-
pretation of such images difficult.

The surface of a 6H-SiC substrate was characterized
by AFM, in order to investigate the possible influence of
surface morphology on the subsequent epitaxial growth.
This study revealed the presence of what appears to be
scratches on the surface of the substrate. An AFM image
of a typical substrate surface is presented in figure 2.
The scratches, originating from mechanical polishing of
the surface, display a characteristic pattern. The width of
the scratches is typically ≈500 nm and the depth is as
large as 30 nm. The scratches are randomly oriented,
which leads us to exclude that they are growth-related
structures or defects in the substrate. They would be
related to certain crystallographic directions, rather than
being randomly distributed, as in the AFM images.
Between the scratches, the SiC surface is flat within the
resolution of the AFM.

AFM measurements of the surface of a typical epi-
taxial AlGaN film reveal two types of patterns, figure 3.
First, the surface displays a terrace-like structure, with a
typical width of ≈2000 nm and a typical step height of
≈5 nm. This structure is typical for III-nitrides and is
referred to as mosaic or columnar structure  [9]. Assum-
ing atomically flat terraces, this implies a tilt of the
entire film in the order of 0.2 degrees away from the
[0 0 0 1] growth direction. This could be related either
to substrate tilt or a tilt induced by strain relaxation. Sec-
ond, a comparison of the AFM images of figure 2 and
figure 3 shows that a pattern similar to that of the deep
scratches, observed on the surface of the SiC substrate
(figure 2), was also present on the surface of the epitax-
ial film (figure 3). In the epitaxial film, the pattern is
present in the form of slightly higher terrace steps (≈10
nm in height). It is somewhat surprising that the pattern
is still visible after 700 nm of growth.

Epitaxial films grown under similar conditions were
investigated by TEM (not shown here). High resolution
TEM micrographs, as well as the TEM diffraction pat-
terns, displayed only the wurtzite structure of the AlGaN
in these films. The TEM investigations revealed that the
AlGaN film grew with the c-axis perpendicular to the
growth direction, as expected. Furthermore, no microc-
racks were observed in the TEM study.
2  MRS Internet J. Nitride Semicond. Res. 7, 5 (2002).
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4 Optical Properties

The CL data in this study was obtained at low tempera-
ture, generally 15-20 K, and at low acceleration voltages
of 3-5 kV. A typical, spatially averaged (from a region of

20 by 20 µm2) luminescence spectrum is shown in fig-
ure 4. An acceleration voltage of 3 kV was used, giving
a penetration depth (Grün range) of 100 nm  [10].
Assuming a very short diffusion length (<100 nm in
GaN  [11]) of the generated carriers in the AlGaN film,
the major part of the observed luminescence originates
from the top 100 nm of the film. The main peak at
3.723 eV, denoted "AlGaN", is attributed to the recom-
bination of excitons in the epitaxial film  [12]. On the
low-energy side of the main peak, there is a less intense
peak, denoted "LO1". The energy of this peak is
≈90 meV lower than that of the main peak and is
assumed to be the first phonon replica (longitudinal
optical phonon) of the main peak. The weaker peaks;
"LO2" and "LO3" are believed to be the second and
third phonon replicas, respectively. The FWHM of the
excitonic peak in figure 4 is 34 meV, which is compara-
ble with what has been reported  [13] [14]. It was also
found that the spatial distribution of the luminescence
intensity was rather uniform. This was determined using
monochromatic CL images, recorded at the peak energy
position of the excitonic luminescence. In these images,
the smallest features that can be resolved are ≈250 nm in
size. This seems to indicate that the film is uniform and
the width of the luminescence peak is related to varia-
tions on a scale smaller than 250 nm. However, more
detailed investigations reveal that the AlGaN epitaxial
films have a more complex structure. In the remainder of
this article, measurements showing different aspects of
the structure of the films will be presented.

The spatial distribution of the luminescence from the
sample was investigated by recording a series of CL
images at different emission energies. Three of these
images are presented in figure 5. The used acceleration
voltage of 5 kV mainly probes the top 250 nm, as dis-
cussed above. The first CL image, figure 5(b), was
recorded at 3.72 eV, corresponding to the peak position
of the main luminescence peak. The intensity variations
on a large spatial scale observed in this image are caused
by spatial variations in the efficiency of the detection
system used here, and are common to all CL images
recorded at this low magnification. The weak intensity
variations, on a small spatial scale, give the impression
that the luminescence from the epitaxial film is highly
uniform. But this is only true for images recorded at the
peak energy position. For images recorded at a higher
energy, 3.74 eV (figure 5(c)), and a lower energy, 3.70
eV (figure 5(a)), this is no longer true. The most striking
features observed in figure 5(a) and (c) are the bright/

dark lines in the images. The two images show comple-
mentary contrast variations, where a bright line in one
image is dark in the other, and vice versa. This behavior
indicates variations in the peak energy position of the
luminescence. We will tentatively attribute this to a spa-
tial variation of the bandgap of the AlGaN. Furthermore,
the pattern of lines resembles the pattern of the scratches
from the mechanical polishing, previously observed in
the AFM image, figure 2, of the surface of the SiC sub-
strate. As discussed above, the same type of pattern can
be found on the surface of the epitaxial film as well, fig-
ure 3. This type of pattern indicates that the bandgap
variations could be related to terrace steps on the surface
of the film. The comparison above of the AFM images
of the substrate and of the film, indicates a relation
between the surface structures. This suggests that the
bandgap variations, related to the surface structures,
extend through the entire thickness of the film. This
point will be addressed in a later section. There has been
a report of scratches influencing the optical properties of
AlGaN films  [15]. However, these were large enough to
be observed in the SEM during the CL measurements,
and the only effect they had was to lower the signal
emission from the scratched area.

An interesting observation is that, in contrast to what
is normally observed, the low energy CL image (figure
5(a)) displays sharper features than the high energy CL
image (figure 5(b)). The finer features in CL images of
the low-bandgap luminescence are often blurred by the
diffusion of carriers from the surrounding high-bandgap
material. The sharp features observed for the low-energy
image are a further indication of the short diffusion
length of the material, as discussed above. These fea-
tures can also be caused by a region of low-energy mate-
rial surrounded by thin layers of high energy material,
preventing diffusion into the low-energy regions. In both
cases, these sharp features suggest that the regions of
low-bandgap material are smaller than their apparent
size in the images. 

Further evidence that the low-bandgap regions are
small is given by the dependence of the luminescence on
the probe current (the excitation density). By varying
the electron beam current in the CL system, the excita-
tion-density dependence of the luminescence from the
epitaxial film can be probed. In figure 6, it was found
that the FWHM of the luminescence peak decreased
with increasing excitation density. By increasing the
probe current by a factor of 50, the FWHM was
decreased from 34 meV to 28 meV. One interpretation
of the spectral sharpening is that the low-bandgap vol-
umes are so small that they easily get saturated, and as
the excitation density increases, the dominance of the
luminescence from the high bandgap regions is even
more pronounced.
 MRS Internet J. Nitride Semicond. Res. 7, 5 (2002). 3
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A more detailed investigation of the luminescence
variations can be performed by recording a series of CL
spectra at points along a line on the sample. In figure 7
such a line scan is presented. The left side of the figure
is an intensity plot of the CL along a randomly oriented
line. The x and y axes in the intensity plot correspond to
the emission energy and the spatial position along the
line, respectively. The brightness of each pixel corre-
sponds to the intensity recorded at that point (energy and
spatial position). In order to enhance perception of the
energy-position variations, contour curves are included
in the image. On the right-hand side of figure 7, the indi-
vidual CL spectra from points indicated by the connect-
ing lines are presented.

An inspection of the line scan in figure 7 shows that
the peak energy position of the luminescence varies
along the line. This implies that the intensity variations
observed in monochromatic CL images (figure 5 (a) and
(c)) are mainly related to shifts in the peak energy posi-
tion and not to variations in total intensity. This is cor-
roborated by the complementary behavior of the high
and low energy images of figure 5 (a) and (c). The
FWHM of the local luminescence, as shown in the right
side of figure 7, is narrower than the FWHM of the peak
formed by averaging the luminescence from a large
region, figure 4. This clearly shows that a large portion
of the FWHM can be attributed to local variations in the
peak position. Furthermore, the peak energy position
exhibits discrete jumps with variations in spatial posi-
tion, rather than a continuous variation. However, the
individual peak energy positions seem to be randomly
scattered over a range of ≈25 meV, where the discrete
jumps could be related to differences in the lumines-
cence of the individual terraces and steps along the line
scan.

The structure along the growth direction can, in prin-
ciple, be studied in top view, by varying the acceleration
voltage of the CL-SEM, and thereby the penetration
depth. By changing from 3 to 30 kV, the penetration
depth changes from ≈100 nm to ≈4000 nm. However,
with an unclear excitation-density dependence, artifacts
may be introduced by variations in the depth profile of
the excitation density. In addition, as a first estimate, the
minimum feature size observed in CL increases linearly
with penetration depth, due to the larger in-plane scat-
tering of the electrons. To avoid these difficulties in the
interpretation of the data, the vertical structure of the
film was investigated by recording cross-sectional CL
images of the side of a cleaved sample, as shown in fig-
ure 8. As before, the cleaved sample was mounted at an
angle, in this case ≈45 degrees, to avoid the edge effects
in the SEM images, as discussed above. The CL images
were recorded at 3.69 eV (figure 8 (a)) and 3.75 eV (fig-
ure (b)). By comparing the two images, it was found that

the high-energy luminescence dominated close to the
SiC interface, whereas the low-energy luminescence
dominated near the surface of the epitaxial film. This
indicates a gradient in the bandgap, high at the SiC
interface and decreasing towards the surface. A possible
explanation for this behavior can be found by comparing
this result with a study of a ≈200 µm thick epitaxial
layer of GaN, grown on a sapphire substrate  [16] [17].
Due to the smaller lattice constant of sapphire, the GaN
is expected to grow under compressive strain. Most of
this strain relaxes by the formation of dislocations dur-
ing the initial growth  [18], and the major part of a thick
film is virtually strain free at the growth temperature. In
contrast, in-situ measurements of the strain has shown
that GaN on a low-temperature AlN buffer layer grows
under tension and that no relaxation takes place in films
up to several µm of thickness  [19] However, due to the
smaller thermal expansion coefficient of GaN compared
with sapphire (the sapphire substrate shrinks faster than
the GaN), additional compressive strain is introduced in
the film as the layer cools down to room temperature.
This strain is relaxed starting from the surface, which
means that there is some residual compressive strain in
the film near the sapphire interface. This increases the
bandgap of the GaN at the interface.

In the case of (Al)GaN on SiC, the lattice constant of
SiC is also smaller and the film will initially grow under
compressive strain. As in the case of sapphire substrates,
this strain is gradually relaxed by the introduction of
dislocations as the layer grows thicker. As the structure
cools down to room temperature, the epitaxial film
shrinks faster than the substrate, which introduces an
additional tensile strain. At room temperature and at liq-
uid helium temperature, there is therefore a strain gradi-
ent, with decreasing compressive strain towards the
surface of the film. If the film is thick enough, the strain
can change to tensile towards the surface. There is a dis-
cussion in the literature about whether the initial relax-
ation occurs over a few nm  [18] or is more gradual  [3].
It has been shown that thicker layers (> 3µm) of GaN on
SiC are usually under tensile strain  [4] [5], whereas
thinner layers (< 0.7 µm) are under compressive strain
[3] [6]. In addition, the compressive strain introduces an
increase in the bandgap and the tensile strain introduces
a decrease in the bandgap of AlGaN  [4] [5]. In the sam-
ple shown in figure 8, there is a gradient in the bandgap,
higher at the interface and lower at the surface. Accord-
ing to the discussion above, this indicates a decreasing
compressive strain (or increasing tensile strain) with dis-
tance from the interface in the present sample.

CL images were recorded under the same conditions
as the images of figure 8, varying the detected photon
energy. In the case of figure 9, the energy was 3.66 eV,
below the energy of the emission from the compres-
4  MRS Internet J. Nitride Semicond. Res. 7, 5 (2002).
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sively strained region of the AlGaN film. With the
present geometry of sample mounting, it is possible to
simultaneously obtain cross-sectional, as well as, top
view information, yielding semi three-dimensional
information. The CL image, in figure 9, displays an
interesting feature, a bright region indicated by the
arrow on the left. This region extends straight from the
SiC interface through the film to the surface, where it
appears to continue along the surface in a random fash-
ion, suggesting that this region is a vertical sheet of low-
bandgap material.

5 Discussion

The most probable cause of the regions emitting low-
energy luminescence is a variation in composition,
where these regions are Ga-rich. In order to justify this
assumption, it has to be established that the main cause
of the low-bandgap regions can be attributed to varia-
tions in the Ga-to-Al ratio in the AlGaN films. (i) The
TEM investigation indicates that only the wurtzite poly-
type is present, excluding different polytypes (e.g. cubic
AlGaN) as a source of the variations in the bandgap. (ii)
We observe a gradient in the strain in the vertical direc-
tion of the film, as shown in figure 8. This is due to the
lattice missmatch and the difference in thermal expan-
sion coefficients of the SiC substrate and the AlGaN
film. (iii) The variations in peak energy position, related
to the lateral patterns observed in the CL images of fig-
ure 5 (a) and (c), penetrate the film vertically, as shown
in figure 9. It is very unlikely that local variations in
strain (i.e., inhomogeneous strain relaxation) would pro-
duce these structures that penetrate the entire film. Local
variations in the strain could be introduced by alloy fluc-
tuations, in which case these would still be the origin of
the fluctuations in the energy position. (iv) Microcracks
can introduce local relaxation of the film, and give rise
to the type of patterns we observe  [20]. However, nei-
ther the TEM nor the SEM investigation revealed any
microcracks in the present films. (v) Segregation of
impurities to grain boundaries have been shown to intro-
duce line patterns in GaN films  [21]. In this reference
20, the energy difference was 2-300 meV and the impu-
rity was an acceptor. It is unlikely that the variations are
caused by luminescence from impurities, since we
observe a scatter over 25 meV in the peak energy posi-
tion in the line scan in figure 7. If the variations were
related to the presence of impurities, a discrete energy
shift related to the impurity would be expected. Several
different peak positions, as observed in figure 7, would
require different impurities. (vi) Quantum effects can
also be dismissed, since these require a variation in the
bandgap to start with. In addition, quantum effects
would increase the energy levels if the low bandgap
regions were sufficiently small. This would lead to an

underestimation of compositional variations. In conclu-
sion, the observed local variations in the peak energy
position of the luminescence are most probably caused
by local variations in the Al-to-Ga ration in the
AlxGa1-xN film. The extent of these variations is on
scale of x±0.005.

There have been some reports on local deviation of
the Al content during growth of AlGaN. The variations
are mainly related to different facets introduced by
growth defects. The facets have been either the funnels
of nanopipes  [22] or V-shaped defects connected to
inversion domains  [23]. However, in both cases, the Al
content is increased on the additional facets. For growth
on the non-planar substrates used in hetero-epitaxial lat-
eral overgrowth, there can be a difference in Al incorpo-
ration between the terraces and the trenches. AlGaN,
grown on 5 µm wide and 1 µm deep trenches exhibits a
higher Ga content in the trenches than on the terraces
[24] [25]. Dislocations, especially edge dislocations, can
also be a source of an increase in Al incorporation  [26]
in AlGaN.

6 A Model for the compositional variations

At this stage, we will introduce a model for the structure
of epitaxial films. This model is shown in figure 10, and
the epitaxial films consists of a thick wurtzite AlGaN
epitaxial film grown on a 6H-SiC (0001) substrate,
which is nominally exactly oriented and flat. The AlGaN
grows with the c-axis perpendicular to the surface of the
SiC. The epitaxial film has a terrace-like structure,
where the width of the terrace is ≈2000 nm and the
height of the steps is ≈5 nm, indicating a local tilt of
0.2 degrees. The steps are, in general, randomly distrib-
uted (spacing and directions) on the surface. However,
they can be preferentially formed in conjunction with
scratches on the substrate surface. These scratches are
produced during the mechanical polishing of the sub-
strate. Due to differences in the surface mobility of the
Al and the Ga species, the incorporation of Ga is
enhanced at the steps, and narrow, Ga-rich regions are
formed at the steps during growth. While the steps
remain on the growing surface, these regions extend ver-
tically. We believe that this is similar to the formation of
vertical QWs and vertical quantum wires in the AlGaAs
system  [27] [28].

7 Summary

Epitaxial films of AlxGa1-xN (x≈0.12) were investi-
gated, mainly using spatially resolved cathodolumines-
cence. The films were found to have a strain gradient,
with decreasing compressive strain from the substrate
interface to the surface. This gradient is believed to orig-
inate in a gradual relaxation of the initial compressive
strain, as the films grew thicker, in combination with a
 MRS Internet J. Nitride Semicond. Res. 7, 5 (2002). 5
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general tensile strain, introduced as the film cools down
from the growth temperature. Spatial variations, on a
sub-micrometer scale, in the luminescence in the plane
of the epitaxial film were suggested to originate in varia-
tions in the composition, on a scale of x±0.005. These
variations seem to stem from the surface of the sub-
strate, where Ga-rich (low bandgap) material is prefer-
entially formed at scratches on the substrate surface.
The Ga-rich regions extend through the epitaxial film, in
the growth direction. In addition, we have demonstrated
the power of the CL technique as a tool for studying
compositional variations on a sub-micrometer scale.
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FIGURES

Figure 1. FSEM image of the cleaved edge of the epitaxial film. 
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Figure 2. AFM image of the surface of a 6H-SiC substrate. The
image reveals scratches on the surface, resulting from
mechanical polishing.  

Figure 3. AFM image of the surface of an AlGaN epitaxial
layer. The arrows indicate structures assumed to originate from
scratches on the surface of the substrate. 

Figure 4. Spatially averaged spectrum of an AlGaN epitaxial
film. 

Figure 5. Monochromatic, top view CL images recorded at 30
K, using a 5 kV acceleration voltage. The images were
recorded with the detection at (a) 3.70 eV, (b) 3.72 eV and (c)
3.74 eV, where (b) corresponds to the peak energy position of
the excitonic emission from the film. 

Figure 6. Spatially averaged cathodoluminescence spectra of
an AlGaN epitaxial film. The excitation density dependence is
recorded by varying the electron beam current from 1 nA to 50
nA. The spectra are normalised. 
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Figure 7. A series of cathodoluminescence spectra recorded in
spot mode along a line on an AlGaN film. 

Figure 8. Monochromatic CL images from the cleaved edge of
an AlGaN epitaxial film. Recorded at (a) 3.69 eV and at (b) 3.75
eV. The sample was mounted with an approximate tilt of 45
degrees. The dark left part of the image is the SiC and the
brighter region in the center of the image correspond to the side
of the epitaxial film. The right part corresponds to the top of the
epitaxial film. 

Figure 9. Monochromatic CL images from the cleaved edge of
an AlGaN epitaxial film, with the same mounting as the sample
in figure 8 

Figure 10. Schematic diagram of the model for the epitaxial
AlGaN film. 
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