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Cubic gallium nitride (GaN) films are analyzed with high-
resolution X-ray diffraction (HRXRD) and Raman spec-
troscopy. Several cubic GaN layers were grown on 3C-SiC
(001) substrate by radio-frequency plasma-assisted molecular
beam epitaxy. The layer thickness of the cubic GaN was varied
between 75 and 505 nm. The HRXRD analysis reveals a re-
duction of the full-width at half-maximum (FWHM) of omega
scans for growing layer thicknesses, which is caused by a par-
tial compensation of defects. The Raman characterization con-

firms well-formed c-GaN layers. A more detailed examination
of the longitudinal optical mode hints at a correlation of the
FWHM of the Raman mode with the dislocation density, which
shows the possibility to determine dislocation densities by Ra-
man spectroscopy on a micrometer scale, which is not possible
by HRXRD. Furthermore, this Raman analysis shows that nor-
malized Raman spectra present an alternative way to determine
layer thicknesses of thin GaN films.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction In recent years, the interest in the
material class of group III-nitrides has strongly increased,
especially in the fields of THz devices and fast modulators
and photo detectors [1]. The huge band offset of GaN/AlN
heterostructures enables a wide adjustment of intraband
transitions needed for devices operating around the 1.55 �m
spectral region (optical C-band) [2]. Strong internal po-
larization fields along the c-axis in hexagonal group III
nitrides complicate the design of complex devices based
on low-dimensional structures severely [3]. These internal
fields lead to bending of the bands and the quantum-confined
Stark-effect. Another consequence is the spatial separation
of electron and hole wave functions, thus the efficiency of
such devices is strongly reduced. One solution mainly used
for this problem in the hexagonal phase is the growth of
semi-polar group III nitrides on substrates with different
directions [4]. Due to the high symmetry cubic GaN/AlN
contains no internal polarization fields along the growth
axis. Hence, devices based on low-dimensional structures
containing the cubic phase grown on 3C-SiC in (001)
direction can be exploited much more easier.

Raman spectroscopy (RS) is a widely employed tech-
nique to study the vibrational properties of solid state systems

[5, 6]. Due to the strong connection of the vibrational
properties to changes in the crystal structure, RS can be
utilized to characterize numerous material properties, such
as crystal structure, symmetry and different phases [7, 8],
defects [9], or dielectric constants [10]. Detailed analysis
of the spectral line shapes also allows for characterization
of phonon confinement and (nano-)particle sizes [11, 12]
or the determination of free carrier densities [13–15]. In
confocal application, RS may even be used to resolve the
spatial distribution of certain properties, such as strain [16]
or anti-phase domains [17]. One of the main advantages
of RS is the noninvasive character and usually it does not
require special sample treatment. So, it is one of the foremost
methods to study semiconductor systems.

The electrical and optical performance of semiconductor
devices are heavily limited by defects. Therefore, the charac-
terization and determination of defect types and defect den-
sities are key requirements for growth process optimization.
Previous studies have established that the predominant ex-
tended defect type in cubic GaN (c-GaN) are stacking faults
(SFs) along (111) planes [18–22]. Here, the number of de-
fects is directly correlated to the substrate smoothness [23].
The geometry of these SFs allows for an annihilation process.
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Table 1 Summary of determined sample properties including layer
thickness d, omega scan FWHM �θ, the determined defect density
D, and the Raman FWHM of the c-GaN LO peak �ν̄.

d (nm) �θ (arc min) D (109cm2) �ν̄ (cm−1)

505 32.4 9.73 11.2
460 31.3 9.06 10.8
475 32.9 10.0 11.1
380 35.4 11.6 10.7
150 42.6 16.8 12.9
75 49.2 22.4 13.4

If two SFs, oriented along (111) and (111̄), for example, in-
tersect they annihilate leaving a sessile dislocation [24, 25].
This directly leads to an increase of crystal quality for thicker
layers [23].

In previous work, this behavior and defect have been
studied extensively with high-resolution X-ray diffraction
(HRXRD) and transmission electron microscopy (TEM). So
far to our knowledge, no study was performed on the sensi-
tivity of RS on the effect. Therefore, in this work a series of
cubic GaN samples on 3C-SiC substrate of various thickness
have been grown. The samples are characterized in a joint
investigation of HRXRD and RS.

2 Experimental details Thick cubic GaN (001) lay-
ers were grown on a 10 �m 3C-SiC (001) layer deposited
on a 0.5 mm thick Si substrate. The layer thickness was
varied from 75 to 505 nm. For the growth, a Riber-32
radio-frequency plasma-assisted molecular beam epitaxy
(PAMBE) system was used equipped with standard effu-
sion cells for Ga and Al evaporation. Atomic nitrogen is pro-
vided by an Oxford plasma source and the growth process
can be controlled in situ by Reflection High Energy Electron
Diffraction (RHEED). The growth of c-GaN was realized at a
substrate temperature of TS = 720◦C with one monolayer of
Ga excess on the sample surface. More details concerning the
growth of cubic GaN on 3C-SiC can be found in Ref. [26].
Atomic force microscopy measurements revealed an RMS
surface roughness of around 5 nm for 5×5 �m2 areas. The
obtained sample thickness was verified with Reflectometric
Interference Spectroscopy [27]. Here, our system achieves
a resolution in the range of ±25 nm . The most important
parameters of the samples are summarized in Table 1.

For characterization of the c-GaN layer, quality HRXRD
scans and reciprocal space maps (RSM) have been taken
with a Philips X’Pert materials research diffractometer with
a copper anode. The Raman experiment was performed on
a custom-built �-Raman setup in back-scattering geometry.
The excitation light was provided by a frequency-doubled
Nd:YAG at 532 nm with an output power of about 50 mW.
The light was focused to a spot with a diameter of less than
1 �m. The scattered light was analyzed in a spectrometer
with integrated Notch-filter and holographic-grating (KOSI
Holospec f/1.8i) and an attached CCD camera for data ac-
quisition (Andor Newton, BI). The system reaches a spectral
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Figure 1 Reciprocal space map (RSM) around the (002) diffraction
peak of the c-GaN for d = 505 nm sample. The RSM shows almost
no signal of hexagonal inclusions. Comparing the intensity of the
c-GaN and h-GaN peaks yields hexagonal inclusions of less than
1%.

resolution of approximately 2.3 cm−1. Further details about
the experimental setup may be taken from Refs. [28, 29].

3 Results and discussion
3.1 Structural properties To characterize the struc-

tural properties and defect densities of the sample, HRXRD
and RSM measurements have been performed. A typical
RSM taken from the 505 nm sample is shown in Fig. 1. The
(002) reflex of c-GaN and 3C-SiC is clearly visible. The po-
sition, where the (101̄1) and (1̄011) reflexes of h-GaN are
expected, is highlighted in the graph. Here, only a very weak
signal related to h-GaN just above noise level is detected
even in the thickest sample. The intensity ratios of the c-
GaN and h-GaN can be used to estimate the percentage of
the hexagonal inclusion [30]. This calculations yield hexag-
onal inclusions of less than 1% for all of our samples. The
defect densities are calculated from the FWHM �θ of an
ω-scan of the (002) diffraction peak based on the method by
Gay [31]. The dislocation density D is then given by

D = �θ2

9b2
, (1)

with b, the length of the Burgers vector. The Burgers vec-
tor for a dislocation in a cubic zinc-blende crystal, such as
c-GaN, is given by b = a/

√
2, where a is the lattice pa-

rameter [32]. The lattice constant for c-GaN is taken to be
a = 4.503 Å [33, 34]. The calculated values for the disloca-
tion densities are summarized in Table 1. As expected, the
defect density decreases with growing layer thickness. The
observed values span from 9×109 cm2 to 2×1010 cm2, which
is in the typical range of 109 cm2 to 1010 cm2 previously re-
ported for c-GaN grown on 3C-SiC substrate [20, 23, 25]. For
thicknesses in the range of 400–500 nm, no significant im-
provement of the full-width at half-maximum in Raman and
HRXRD can be observed anymore. A possible explanation
is the SFs have mostly annihilated and other defects become
predominant in this thickness range.
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Figure 2 Typical back-scattering Raman spectra of a c-GaN layer
on 3C-SiC substrate (dotted) compared to substrate material (full
line). Two features can unambiguously be attributed to c-GaN
(highlighted in red). Other features in the spectrum are related to
one- and two-phonon scattering in Si and 3C-SiC originating from
various points in the Brillouin zone (see text). The inset shows the
measurement geometry.

3.2 �-Raman spectroscopy Figure 2 shows a typi-
cal back-scattering Raman spectrum of c-GaN on 3C-SiC/Si
substrate. The sample structure and geometry are shown in
the inset. For comparison, a spectrum of the unprocessed sub-
strate is added. Some distinct features in the spectrum have
been labeled according to the related process. The spectra are
largely dominated by the peak of the zone-center transver-
sal optical (TO) phonon of silicon at about 521 cm−1 and
the zone-center TO and longitudinal optical (LO) phonon of
the 3C-SiC detected at 795 and 972 cm−1, respectively. Most
other features are related to two-phonon overtone scattering
in the Si and 3C-SiC substrate. The spectral shape largely
resembles the phonon density of states in the respective ma-
terial [35–39]. Here, for example, the feature at 306 cm−1

labeled with 2TA(X)Si is an overtone of a transverse acous-
tical (TA) mode in silicon (Si) originating from the X-point
in k-space, while TA + TO(X)Si is a TA and TO combination
band at the X-point.

By comparing the spectra, two characteristics can unam-
biguously be attributed to c-GaN. In the spectra, the most
distinct difference is a band at 738 cm−1, which is attributed
to the zone-center LO mode of c-GaN. The measured Raman
shift agrees well with the literature data [7, 9, 40]. The cor-
responding TO mode is only barely visible as a shoulder at
approximately 550 cm−1, but it is much weaker in intensity,
because of Raman selection rules for cubic materials. Here,
zone-center TO scattering is forbidden from cubic (001) sur-
faces in back-scattering geometry. But it is still weakly de-
tectable, because of activation by defects and contributions
by forward scattering by multiple reflections [13, 41]. The
same effect can also be observed for the LO and TO modes
of the 3C-SiC, which is of the same crystal symmetry. Here,
the TO signal is significantly weaker in comparison to the

LO (Fig. 2). The c-GaN TO cannot be identified in the 75
and 150 nm sample. It becomes undetectable for layer thick-
nesses between 150 and 380 nm. Therefore, no conclusive
analysis of the c-GaN TO was possible and further analy-
sis will be limited to the c-GaN LO. In addition, no peaks
related to the hexagonal phase of GaN could be detected.
Here, even small inclusions of hexagonal phase will lead to
a strong peak at 560–570 cm−1 related to the EH

2 and E1-TO
modes of h-GaN [9, 42], which have not been detected in any
of our samples. This confirms the high-quality cubic crystal
structure in agreement to the HRXRD analysis.

For better comparability, the spectra have been normal-
ized with respect to the silicon zone-center TO peak. For the
normalization, it is assumed that the scattering in the thin
c-GaN layers is weak compared to the total intensity. The
c-GaN LO peak has been fitted with a Lorentzian of the form

I(ν̄) = A

2π

�ν̄

(ω − ω0)2 + (�ν̄/2)2
, (2)

the integrated peak area is A, ω0 the peak central wavenum-
ber, and �ν̄ the FWHM of the peak. To improve the fitting
results, the spectrum of the c-GaN has been corrected for the
substrate signal. In particular, this improved the fitting results
for the thinner layers, because an acoustical phonon overtone
of 3C-SiC at 745 cm−1 leads to a considerable asymmetry in
the c-GaN LO peak shape. The LO in all spectra could be fit-
ted very well with a Lorentzian. It should be noted for neither
sample an asymmetry or shift to higher wave numbers in the
LO could be detected, which otherwise would have indicated
free charge carriers in the system [9, 13]. The values for the
FWHM �ν̄ are summarized in Table 1. The correction of
the FWHM due to finite slit width [43, 44] has been omitted,
because in this study the main focus lies on the comparison
of the relative changes in the FWHM.

The intensity of the detected Raman signal depends on
the number of scattering centers, which is given by the scat-
tering volume V , and the intensity distribution I(x, y, z) of
the excitation light. Therefore, the observed intensity of a
given Raman band is proportional to

∫
V

I(x, y, z)dV.

The intensity distribution of light focused through an ob-
jective lens is given by the Point Spread function (PSF). After
Ref. [45], the PSF is given by

I(x, y, z) = (2/u)2
[
U2

1 (u, v) + U2
2 (u, v)

]
, (3)

where U1 and U2 are Lommel functions and the vari-
ables u and v are given by u = 2πNAz/λ and v =
2πNA

√
x2 + y2/λ. We have assumed the PSF center (z =

0 �m) inside the c-GaN film and have evaluated Eq. (3)
within x, y = ±10 �m and z = ±d/2 for our objective lens
with a numerical aperture NA = 0.7. The result is depicted

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Figure 3 The inset shows the integral value of the Point Spread
Function (PSF) calculated in the limits of ±d/2 around the max-
imum of the PSF. For values d < 1 �m, the integrated intensity
grows almost linearly. In agreement with this model, our measured
integrated peak areas A of the normalized c-GaN LO peaks suggest
a linear behavior with respect to the thickness d.

in the inset in Fig. 3 and shows an almost linear growth of the
integrated intensity for d < 1 �m, which includes the regime
of our experiment.

Figure 3 shows the integrated intensity A obtained from
the fits with respect to the layer thickness. Here, the data
show a good agreement with the anticipated linear behav-
ior. The fitted graph intersects the point of origin within the
confidence value of the fitting results. Hence, RS presents
a completely different approach to calculate the layer thick-
nesses d and provides even accurate results for fairly thin lay-
ers (< 100 nm), which usually are difficult to measure with
Reflectometric interference spectroscopy.

The FWHM of Raman bands is often used as a bench-
mark for determining the quality and homogeneity of crys-
talline systems. Table 1 compares the determined values of
the LO FWHM with the HRXRD data. The data suggest a
correlation between both values. Therefore, Raman FWHM
data may be directly used to determine dislocation densities.
Figure 4 shows the Raman FWHM �ν̄ plotted with respect
to the determined dislocation density. The data hint at a clear
correlation between the dislocation density and the Raman
FWHM of the LO. The LO FWHM clearly increases for
higher dislocation densities, which is also indicated by the
dashed line. The four thickest samples show nearly the same
value for the FWHM. On the one hand, this is connected to
the fact that these samples also show nearly the same value
for the dislocation density as determined by HRXRD. Hence,
only small differences in the FWHM can be expected. On the
other hand, this might be due to the fact that the limit of the
homogeneous line width is reached and the dislocation den-
sity is not the dominant effect in the LO FWHM anymore.
Further studies are necessary to investigate the functional re-
lation and the limits of the correlation. Nevertheless, it can

Figure 4 Dislocation density D as determined by the HRXRD
analysis versus the FWHM of the c-GaN LO peak �ν̄. The data
points are labeled according to the sample thickness. The data indi-
cate a correlation in the studied thickness range, which suggest that
Raman spectroscopy data may be directly used to study dislocation
densities. The dashed line is meant as a guide to the eye.

be concluded that �-Raman spectroscopy presents a way to
study dislocation densities even on a micrometer scale and
therefore offers a much better resolution than HRXRD.

4 Conclusions Cubic GaN layers of various thick-
nesses have been grown with PAMBE on (001) 3C-SiC sub-
strate. The thickness was varied between 75 and 505 nm. Ra-
man Spectroscopy was compared with the usually exploited
HRXRD measurements to investigate the structural quality of
these samples. Both methods confirm phase pure c-GaN with
no measurable hexagonal inclusions. Applying the model of
Gay, the dislocation density was calculated from the FWHM
of the HRXRD (002) diffraction peak. Here, a decrease in dis-
location density with growing layer thicknesses was found
in accordance to the literature. This decrease could also be
observed in the Raman data, which suggests a direct corre-
lation between the FWHM �ν̄ of the Raman LO band and
the HRXRD data for the analyzed samples. Further, appro-
priately normalized Raman spectra can directly be used to
determine the layer thickness of the grown films via the in-
tensity of the c-GaN peaks. The analysis suggests that this
technique may even work accurately for thin layers in the sub
100 nm range. Overall, Raman spectroscopy enables a direct
and fast evaluation of dislocation densities and layer thick-
nesses without the need for any special sample preparation.
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Maier, A. Dempewolf, F. Bertram, J. Christen, R. Kirste, A.
Hoffmann, J. K. N. Lindner, and D. J. As, J. Appl. Phys. 110,
123512 (2011).

[18] E. Martinez-Guerrero, E. Bellet-Amalric, L. Martinet, G.
Feuillet, B. Daudin, H. Mariette, P. Holliger, C. Dubois, C.
Bru-Chevallier, P. Aboughe Nze, T. Chassagne, G. Ferro, and
Y. Montei, J. Appl. Phys. 91, 4983 (2002).

[19] A. Trampert, O. Brandt, H. Yang, and K. H. Ploog, Appl.
Phys. Lett. 70, 583 (1997).

[20] H. Okumura, K. Ohta, G. Feuillet, K. Balakrishnan, S.
Chichibu, H. Hamaguchi, P. Hacke, and S. Yoshida, J. Cryst.
Growth 178, 113–133 (1997).

[21] D. Wang, Y. Hiroyama, M. Tamura, M. Ichikawa, and S.
Yoshida, J. Cryst. Growth 220, 204–208 (2000).

[22] H. Yang, O. Brandt, and K. Ploog, J. Electron. Mater. 25(5),
787 (1996).

[23] B. Daudin, G. Feuillet, J. Hbner, Y. Samson, F. Widmann,
A. Philippe, C. Bru-Chevallier, G. Guillot, E. Bustarret, G.
Bentoumi, and A. Deneuville, J. Appl. Phys. 84, 2295 (1998).

[24] H. Yang, L. X. Zheng, J. B. Li, X. J. Wang, D. P. Xu, Y. T.
Wang, X. W. Hu, and P. D. Han, Appl. Phys. Lett. 74, 2498
(1999).

[25] D. J. As, Proc. SPIE 7608, 76080G (2010).
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