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High-resolution x-ray study of thin GaN film on SiC
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The x-ray standing wave method~XSW! and high-resolution x-ray diffraction were used to study
the structural perfection and polarity of GaN epitaxial thin film grown by hydride vapor phase
epitaxy on the Si-face SiC substrate. The x-ray standing wave was generated inside the 300 nm thin
film under the condition of Bragg diffraction from the film. Excellent crystalline quality of the GaN
film was revealed by both x-ray techniques. The XSW analysis of the angular dependencies of the
Ga–K fluorescence yield measured while scanning through the GaN~0002! diffraction peak
unambiguously showed the Ga polarity of the film. Correlation between the mosaic structure and the
static Debye–Waller factor of the GaN lattice was also studied. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1364644#
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I. INTRODUCTION

The structural quality of GaN epitaxial films continues
limit applications of this technologically important wide d
rect band-gap semiconductor.1 A variety of substrates suc
as GaAs, sapphire, ZnO, SiC, Si, LiGaO, AlMgO have be
used for epitaxial growth of group III nitrides. Most of thes
substrates have a very large lattice mismatch with GaN le
ing to a high density of structural defects in the film. Amo
these substrates SiC is characterized by a small lattice
match of 3.5% vs 13.8% for sapphire, the most commo
used substrate. The growth of high-quality GaN films on S
substrates by metalorganic chemical vapor deposi
~MOCVD! and molecular beam epitaxy~MBE! usually re-
quires an AlN buffer layer.2,3 Recently, direct growth of
high-quality GaN on SiC substrates by hydrate vapor ph
epitaxy ~HVPE! was reported.4,5

The polarity of the epitaxial film is the other fundame
tal issue that strongly depends on the growth technique
type of substrate. Having its origin in the noncentrosymm
ric bulk crystal structure, the polarity of the GaN film dete
mines many of the physical, chemical, and surface prope
such as chemical stability,6 piezoelectric effect,7 surface
morphology, and surface reconstructions.8

It is well known that wurtzite GaN epitaxial films ar
usually grown either along the@0001# or @0001̄# crystallo-
graphic axes. These opposing polarities differ by the
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quence of atomic layering. By convention, in the~0001! ori-
ented GaN film the Ga atoms occupy the top~with respect to
the surface of the film! half of the atomic double layer. A
~0001! film is also referred to as a Ga face, or Ga-polar
film @Fig. 1~a!#. In the lattice of the N-face GaN film the G
atoms occupy the bottom half of the double layer@Fig. 1~b!#.
Reliable determination of the polarity of GaN films grown b
different techniques presents a challenging experime
problem. Experimental results obtained by different tec
niques are very often contradictive and inconclusive. A
cent comprehensive review of different techniques used
determine polarity of GaN films can be found in Ref. 9.

The hexagonal, 6H, modification of SiC has a structu
very similar to that of GaN.10 The ~0001! surface is polar
with either Si or C termination. The polarity of the growin
GaN film depends on the polarity of the substrate and op
site for Si and C surfaces. An x-ray photoelectron spectr
copy study of GaN films grown by metalorganic vapor pha
epitaxy ~MOVPE! on both faces showed that GaN epitax
films on Si and C faces of SiC are terminated by nitrog
and gallium atomic layers, respectively.11 A high-resolution
electron microscopy study of the AlN/SiC interface gave t
opposite result, i.e., the Al-face AlN was found on the
face of the SiC.12 The latter result is in agreement withab
initio energetics calculations.13

It is generally accepted that a direct method to determ
polarity is needed to establish the basic characteristics
polar surfaces of GaN thin films.9 The x-ray standing wave
~XSW! method based on using the standing wave as
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atomic scale ‘‘yardstick’’ to probe the atomic structure of t
lattice can be regarded as one of the most ‘‘direct’’ tec
niques to determine polarity. Kazimirovet al.14 applied this
method to study a thin GaN film grown by plasma-induc
MBE on sapphire and found the polarity to be opposite
one of the MOCVD grown films. This finding has led to th
study of the polarization induced properties of 2D electr
gas in AlGaN/GaN heterostructures.7 Recently, this tech-
nique was also used to study polarity of thin ferroelect
films.15 In this work we combined the XSW method wit
high-resolution x-ray diffraction to study the crystalline pe
fection and the polarity of the GaN epitaxial film grown b
the hydride vapor phase epitaxy on Si-face SiC.

II. EXPERIMENTS

The GaN epitaxial layer was grown by HVPE.4 The
HVPE process was performed in an inhouse built grow
chamber equipped with a resistively heated furnace. I
horizontal open-flow reactor, HCl gas reacted with liquid G
to form GaCl gas, which was transported to the growth zo
of the reactor and reacted with NH3, resulting in GaN depo-
sition on SiC substrate. Ar was used as a carrier gas.
GaN layer was grown directly without any buffer layer5 on
the ~0001!Si face of commercial 6H–SiC on-axis 2-in
diameter wafer. The thickness of the GaN layer was ab
300 nm. The growth temperature was near 1020 °C.
GaN growth rate was about 300 nm/min.

FIG. 1. Crystal structure of GaN for Ga-~a! and N-~b! faces. Ga atoms are
shown as black circles, N- atoms are shown as larger circles. The pos
of the antinodal XSW planes at the low angle side of the rocking curve
shown as solid lines and at the high angle side of the RC as dashed
The downward pointing arrows indicate the inward shift of the antinode
half of d0002 while crossing the GaN~0002! Bragg peak. Due to the differ-
ence in the atomic scattering factors for Ga and N atoms the diffrac
planes are shifted byd from the center of the double layer towards heav
Ga atoms~Ref. 21!.
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X-ray diffraction was performed by using an X’Pert di
fractometer~Philips! in triple- and double-axis geometrie
with CuKa radiation. A four-crystal Bartels Ge~220! mono-
chromator and a three-bounce Ge~220! analyzer crystal were
used for high-resolution measurements. The analyzer cry
significantly reduced the contribution of diffuse scatteri
and the background, thus allowing the measurement of
sentially the coherent part of the scattered x-ray intens
The x-ray diffraction curves measured with wide-opened
tector and without analyzer crystal will be referred to here
x-ray rocking curves~RC!.

The XSW measurements were performed at the be
line X15A of the National Synchrotron Light Source. Th
energy of the incident beam was tuned to 11.0 keV by
double crystal Si~111! monochromator. The incident beam
slit was narrowed to 1 mm horizontally and 0.05 mm ver
cally. The sample was mounted on a two-circle diffrac
meter. An energy dispersive solid-state detector was use
collect x-ray fluorescence spectra from the sample. Simu
neously, the intensity of the diffracted x-ray beam was m
sured with NaI scintillation detector. The Ga–K fluorescen
yield from the film was measured as a function of the in
dent angle while scanning through the GaN~0002! Bragg re-
flection. The XSW data were collected from five differe
spots on the sample characterized by different degree
mosaic spread.

III. RESULTS AND DISCUSSION

The x-ray diffraction measurements revealed very h
crystalline quality of the film. The coherent GaN~0002! and
~0004! v–2u x-ray diffraction curves~where thev angle
refers to the sample and theu angle to the analyzer! mea-
sured with a Ge~220! three-bounce analyzer crystal show t
characteristic interference pattern~Fig. 2!. The interference
fringes are more pronounced for the~0002! reflections but
are clearly observed also in the vicinity of the~0004! Bragg
peak. Determination of the thickness of the film from t
width of the~0002! peak and from the period of the oscilla
tions gave the value of 300 nm in good agreement with w
was expected from the growth rate. From the angular wi
of the interference pattern for the~0002! reflection the thick-
ness variations due to the roughness of the film can be
mated as 30 nm. Thec-lattice constant was determined to b
5.177 Å. This is lower than the value of 5.1854 Å reported
Ref. 16 for GaN grown on SiC.

The coherent~0002! v curve measured by scanning th
sample through the diffraction peak while keeping the a
lyzer crystal fixed at the position of the maximum intens
has a shape typical for a layer containing large mosaic blo
@see Fig. 2~a!#. Our analysis gives an average size of t
blocks as 1mm. This mosaic spread is the main reason
the broadening of the double-crystal rocking curves. The
timations of the density of dislocations from thev curves
give the value of 2 – 43107 cm22 for the threading disloca-
tions density and one order of magnitude more for the d
sity of edge dislocations with the Burgers vectors in t
~0001! plane. These are unusually low values considering
lattice mismatch and the thickness of the film. These res
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are in good agreement with our TEM analysis showing l
dislocation density and large areas nearly free of defects

The interesting feature derived from diffraction measu
ments is that the coherent lengths for the~0002! and the
~0004! reflections are very close to each other~295 and 255
nm! and to the thickness of the film. This is characteristic
the epitaxial layers with low defect density and indicates
absence of elastic strain due to deviations of the lattice c
stant from its average value.

A typical experimental XSW data set is shown in Fi
3~a!. The characteristic minimum and maximum of the GaK
fluorescence yield are observed at the low and high an
side of the rocking curve due to the movement of the XS
pattern while scanning the sample through the GaN~0002!
diffraction peak.

Neglecting the extinction effect the fluorescence yie
from the jth sublattice of the compound crystal can be wr
ten as17

FIG. 2. Experimental~0002! and~0004! x-ray v-2u diffraction curves mea-
sured from the 300 nm thick GaN film on SiC substrate by using the h
resolution x-ray diffractometer in triple-axis geometry. A Ge~220! three-
bounce analyzer crystal was used to measure primarily the cohe
component of the scattered x-ray intensity by significantly reducing
contribution of the diffuse scattered intensity. Inset~a! shows the coheren
~0002! v curve measured at a fixed 2u for the analyzer crystal. The inter
ference fringes are clearly seen in both~0002! and~0004! curves indicating
the excellent crystalline quality of the film.
Downloaded 08 Jun 2001 to 128.84.182.229. Redistribution subject to A
-

r
e
n-

le

YH
j ~u!511R~u!12AR~u!uSH

j ue2MH
j

2WH
j

3cos@n~u!2wH
j #,

where uSH
j u and wH

j are the modulus and the phase of t
geometrical structural factor of thejth sublattice SH

j

5uSH
j ueiwH

j
5(n exp(iHr n

j ), e2MH
j

ande2WH
j

are the thermal
and static Debye–Waller factors; andn~u! is the phase of the
complex E-field amplitude ratioEH /E0 . Thus both the
modulus and the phase of the structure factor of the in
vidual sublattice can be measured in the XSW experim
making the method phase sensitive. Since the phase o
Ga sublattice is different for the Ga- and N-polar GaN cry
tals the polarity can be directly determined by analyzing
Ga–K fluorescence yield curve.

For over two decades the XSW technique was applied
the study of surface structures of nearly perfect crystal18

Recently, this method has been extended to compound
films with the thicknesses less than the extinction length,
when the x-ray diffraction becomes kinematical.14,15,19,20The
standing wave in thin film is generated via the interferen
between the strong incident wave and the weak kinem
cally diffracted wave from the film resulting in much weak
XSW modulations in comparison with perfect bulk crysta
One distinct advantage of the thin film XSW method is t
broadening of the rocking curve that makes it possible
study a variety of crystalline materials that cannot be gro
as bulk perfect crystals. The absence of the extinction ef
makes it possible to account for the broadening of the ro
ing curve due to mosaic structure by performing a convo
tion with a Gaussian function.19

The imperfection of the crystal lattice generating t
x-ray standing wave is characterized by a static Deby

Waller ~DW! factore2WH
j
. This factor tells us which fraction

of the crystal lattice is scattering coherently; the remain

(12e2WH
j
) of the lattice is contributing to the diffuse sca

tered intensity. This assumes that the crystal lattice is
perfect but its scattering power is reduced by the factor

e2WH
j
. The static DW factor equals unity for a perfect crys

and zero for an amorphous material. The x-ray stand
wave is generated by the coherent part of the crystal latt

The basic features of the~0002! XSW behavior in a
wurtzite GaN lattice are shown in Fig. 1. The x-ray standi
wave is generated inside the film via the interference
tween the incident and the~0002! Bragg diffracted x-ray
beams. It has the periodicity of the GaN diffraction plan
(d0002) and the planes of the maximum and minimum of t
electric field intensity are parallel to the atomic planes. Sc
ning the crystal through the Bragg peak causes a chang
the phase of the diffracted beam byp radians and, conse
quently, an inward shift of the standing wave by (1/2)d0002.
At the low-angle side of the diffraction peak the planes
maximum intensity, i.e., the antinodes, are located betw
the double atomic layers~solid lines in Fig. 1! while after
crossing the Bragg peak they are positioned inside the do
layer ~dashed lines! at the diffraction planes. Therefore, th
XSW antinodes pass through the Ga-atomic layer for G
polar film @Fig. 1~a!#, but not for the N-polar film@Fig. 1~b!#.
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FIG. 3. ~a! One of the experimental XSW data se
measured from the 300-nm-thick GaN film. The expe
mental x-ray reflectivity curve~bottom! is shown as
open circles, the solid line is the convolution of th
theoretical x-ray rocking curve with a Gaussian fun
tion with s531.5 arcsec. The experimental Ga–K fluo
rescence yield is shown at the top as solid circles;
solid line is the best fit for the Ga-face film yielding
static Debye–Waller factore2W50.71. The theoretical
curve for the N face is shown as a dotted line for com
parison; ~b! the x2 values as a function of the DW
factor used as the only fitting parameter for the Ga fa
~up triangles! and N-face GaN film~down triangles!.
The Ga-face model gives five times lowerx2 values
than the N-face model.
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Due to the difference in the atomic scattering factors for
and N atoms the diffraction planes inside the double la
are positioned more closely to the Ga atomic layer~for the
details of the calculation of the exact location of the diffra
tion plane see Ref. 21!. Thus, by monitoring the Ga
fluorescence angular response the polarity of the film can
identified.14

To fit the experimental XSW data the approach dev
oped in Refs. 14 and 19 was explored. First, the theoret
x-ray reflectivity curve was convoluted with the Gaussi
function to take into account the mosaic spread. For the d
shown in Fig. 3~a! thes531.5 arcsec gives the best fit to th
experimental rocking curve with the full width at half max
mum ~FWHM! equal to the experimental value. The sam
Gaussian function was then used for the convolution of
calculated fluorescence yield. Then, the Ga–K XSW fluor
cence yields calculated for Ga- and N-polar GaN films w
fitted to the experimental data with the static DW factor
the only fitting parameter. For the XSW calculations we us
computer algorithm developed in Ref. 22 for multilayer cry
talline systems. Thus, two quantities were derived from
XSW data: the polarity of the film and the static DW fact
of the GaN lattice generated the standing wave.

Typical x2 plots for the Ga and N polarity of the film ar
Downloaded 08 Jun 2001 to 128.84.182.229. Redistribution subject to A
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shown in Fig. 3~b!. For all experimental data taken from
different parts of the sample the XSW analysis gives sign
cantly, from 4 to 6 times, lowerx2 values for the Ga-face
film. The best fit for the Ga-face film is shown in Fig. 3~a! by
the solid line. The theoretical curve for the N-face film
also shown for comparison. Thus, our analysis unambi
ously shows that the Ga-face GaN film grows on Si-face S
substrate. This result is in agreement with the high-resolu
electron microscopy data12 and the ab initio energetic
calculation13 and support the ‘‘standard framework’’ pro
posed in Ref. 9.

The broadening of the x-ray rocking curves collect
during the XSW measurements is mainly due to the mos
spread. The values of the FWHM of the x-ray RCs tak
from different regions of the sample varied from 62 to
arcsec while dynamical diffraction theory gives the FWH
of 39 arcsec. The correspondings values of the Gaussian
function varied from 20 to 36 arcsec. The fact that the x-r
standing wave is generated by the ‘‘coherent’’ part of t
lattice gives us the unique opportunity to look at the cor
lation between the mosaic spread and the perfection of
lattice. The static DW factor derived from the XSW data a
function of the mosaic spread is presented in Fig. 4.
interesting conclusion immediately follows: the increas
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mosaic spread leads to a more perfect lattice inside i
vidual mosaic blocks. This conclusion appears counterin
tive since the epitaxial film with broader RC should ha
lower structural quality. We explain this phenomenon by
getter effect of the dislocation structure on point defects g
erated during epitaxial growth. It is well known that disloc
tions work as sinks for point defects. The higher degree
mosaic spread requires higher density of dislocations in
boundaries between individual blocks. A denser dislocat
structure is more effective in gettering point defects from
lattice of the adjacent blocks thus leading to the higher v
ues of the static DW factor.

This effect is very difficult to observe by standard x-r
diffraction techniques. Usually the x-ray intensity diffracte
from the film can be considered as consisting of two com
nents, different in their physical origin. The first originat
from the ‘‘coherent’’ part of the lattice that can be describ
as a perfect crystal with the scattering power reduced by
static DW factor. The second part is the diffuse scatter
from defects. The mosaic structure washes out the sharp
herent component of the scattered intensity resulting in
broadening of the x-ray diffraction peak. Thus, the incre
in the reflectivity due to the lower density of point defects
accompanied by the broadening of the RC due to hig
mosaic spread. The x-ray standing wave is the result of
interference between the incident and coherently scatt
from the film waves. By measuring the fluorescence yi
from atoms of the film generated by the standing wave,
can directly probe the structure of the coherent part of
atomic lattice. Here we assume that the contribution of
diffuse scattered x rays to the fluorescence yield is ne
gible. This assumption is based on the fact that the diff
scattering is distributed over wide angular range while
XSW signal is measured in a narrow angular region wit
the width of the diffraction peak.

The results of the XSW analysis demonstrate excel
crystalline quality of the film grown by the HVPE. Indee
the values of the static DW factor ofe2W'0.8 are close to

FIG. 4. Correlation between the static Debye–Waller factor of the cry
lattice determined by the x-ray standing wave technique and the broade
of the x-ray diffraction curve due to mosaic spread.
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typical values usually observed in the epitaxial semicond
tor films grown by the MBE or MOCVD on GaAs.17 ~For
comparison, the static DW factor determined by the XS
technique for the GaN film grown by the plasma induc
MBE on sapphire wase2W'0.36.14! This high degree of
lattice perfection and low defect density in the film are u
usual for the given lattice mismatch and the thickness of
film. The high degree of perfection can be attributed to
extremely high growth rate of about 300 nm/min. We spe
late that at this rate, most parts of point defects genera
near the surface during epitaxial growth do not have su
cient time to reach the interface and form misfit dislocatio
Additional experiments are required to strengthen this
pothesis.

III. CONCLUSIONS

We applied high-resolution x-ray diffraction and x-ra
standing wave techniques to study the structure and pola
of a GaN film grown by hydride vapor phase epitaxy on t
~0001!Si face of commercial 6H–SiC crystal. In our high
resolution x-ray diffraction measurements the three-bou
Ge~220! analyzer crystal was used to reduce the contribut
of diffuse scattering. The diffraction data show high cryst
line quality of the film and low dislocation density. Thi
conclusion was confirmed by TEM. We also found that t
mosaic structure of the film is the main contributor to t
broadening of the x-ray rocking curves.

The XSW technique explored here is based on gen
tion of x-ray standing wave inside a thin GaN film, und
condition of the~0002! diffraction from the film. The analy-
sis of the Ga–K fluorescence yield modulations unambi
ously revealed the Ga polarity of the film. This result
consistent with the high-resolution electron microsco
data12 and theab initio energetic calculations13 and supports
the ‘‘standard framework’’ proposed in Ref. 9. The corre
tion between the perfection of the crystalline lattice me
sured by the static Debye–Waller factor and the degree
the mosaicity was studied by analyzing the XSW data ta
from different spots on the sample. We found that the
gions of the film with higher mosaic spread exhibit high
crystalline perfection. We conclude that this is due to t
getter effect of dislocations on point defects generated du
epitaxial growth.

The unusually low defect density in the GaN film grow
by the HVPE found in this work requires further investig
tions. One plausible model brings into consideration ve
high growth rate characteristic for this technique that c
possibly prevent point defects generated at the surface o
film from reaching the interface and forming misfit disloc
tions.
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