JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001

High-resolution x-ray study of thin GaN film on SiC
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The x-ray standing wave meth@gdSW) 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(@B8R 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.20®1 American Institute of
Physics. [DOI: 10.1063/1.1364644

I. INTRODUCTION quence of atomic layering. By convention, in #8901 ori-
ented GaN film the Ga atoms occupy the tayth respect to
The structural quality of GaN epitaxial films continues 10 the surface of the filinhalf of the atomic double layer. A
limit applications of_ this technologipally important wide di- (0009 film is also referred to as a Ga face, or Ga-polarity
rect band-gap s_emlconducfoA variety of substrates such fm [Fig. 1(a)]. In the lattice of the N-face GaN film the Ga
as GaAs, sgpp_hlre, Zno, sSic, Si, L'GE_‘O_' AIMgO have beerp, occupy the bottom half of the double lajfeig. 1(b)].
used for epitaxial growth of group i r?'t“des- MQSt of theseoﬁeliable determination of the polarity of GaN films grown by
substrates have a very large lattice mismatch with GaN lea fifferent techniques presents a challenging experimental

ing to a high density of structural defects in the film. Among bl E . tal its obtained by diff t tech
these substrates SiC is characterized by a small lattice mi?—_ro em. EXperimental resu S c_) amne ) y d ergn ech-
iques are very often contradictive and inconclusive. A re-

match of 3.5% vs 13.8% for sapphire, the most commonl)f1 ' i ; )
used substrate. The growth of high-quality GaN films on sjceent comprehensive review of different techniques used to

substrates by metalorganic chemical vapor depositio§letermine polarity of GaN films can be found in Ref. 9.
(MOCVD) and molecular beam epitaxi¥BE) usually re- The hexagonal, 6H, modification of SiC has a structure
quires an AIN buffer layef:> Recently, direct growth of very similar to that of GaN® The (0001) surface is polar
high-quality GaN on SiC substrates by hydrate vapor phaswith either Si or C termination. The polarity of the growing
epitaxy (HVPE) was reported:® GaN film depends on the polarity of the substrate and oppo-
The polarity of the epitaxial film is the other fundamen- site for Si and C surfaces. An x-ray photoelectron spectros-
tal issue that strongly depends on the growth technique angbpy study of GaN films grown by metalorganic vapor phase
type of substrate. Having its origin in the noncentrosymmetzpitaxy (MOVPE) on both faces showed that GaN epitaxial
ric bulk crystal structure, the polarity of the GaN film deter- ms on Si and C faces of SiC are terminated by nitrogen
mines many of the physical, chemical, and surface propertieg,y gallium atomic layers, respectivélyA high-resolution
such as chemical stab|llﬁ/,p|ezoeleg(t§r|c effect, surface electron microscopy study of the AIN/SIC interface gave the
morphology, and surface reconstructions. opposite result, i.e., the Al-face AIN was found on the Si

It is well known that wurtzite GaN epitaxial films are ¢ f the Sic2 The latt Itis | t Witth
usually grown either along thg)001] or [0001] crystallo- face ot the oIt~ The 1atler resultis in agreement wi
initio energetics calculatiors.

graphic axes. These opposing polarities differ by the se ) ] )
It is generally accepted that a direct method to determine

) _Polarity is needed to establish the basic characteristics of
dAuthor to whom correspondence should be addressed; electronic mail: | . f GaN thin filnsTh tandi
ayk7@cornell.edu; present address: Cornell High Energy SynchrotrorpO ar surfaces o a m o € Xx-ray S.an Ing wave
Source, Cornell University, Ithaca, NY 14853. (XSW) method based on using the standing wave as an

0021-8979/2001/89(11)/6092/6/$18.00 6092 © 2001 American Institute of Physics

Downloaded 08 Jun 2001 to 128.84.182.229. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Kazimirov et al. 6093

[0001] l X-ray diffra_c_tion yvas_performed by using_an X'Pert (_:Iif-

fractometer(Philips) in triple- and double-axis geometries
with CuK « radiation. A four-crystal Bartels G220) mono-
chromator and a three-bounce (@20 analyzer crystal were
used for high-resolution measurements. The analyzer crystal
significantly reduced the contribution of diffuse scattering
and the background, thus allowing the measurement of es-
sentially the coherent part of the scattered x-ray intensity.
The x-ray diffraction curves measured with wide-opened de-
tector and without analyzer crystal will be referred to here as
x-ray rocking curvegRC).

The XSW measurements were performed at the beam-
line X15A of the National Synchrotron Light Source. The
energy of the incident beam was tuned to 11.0 keV by a
double crystal Si111) monochromator. The incident beam
slit was narrowed to 1 mm horizontally and 0.05 mm verti-
cally. The sample was mounted on a two-circle diffracto-
meter. An energy dispersive solid-state detector was used to
collect x-ray fluorescence spectra from the sample. Simulta-
neously, the intensity of the diffracted x-ray beam was mea-

(b) sured with Nal scintillation detector. The Ga—K fluorescence
yield from the film was measured as a function of the inci-
FIG. 1. Crystal structure of GaN for Gé) and N-(b) faces. Ga atoms are  dent angle while scanning through the GasD2 Bragg re-

shown as black circles, N- atoms are shown as larger circles. The positiorﬁection The XSW data were collected from five different
of the antinodal XSW planes at the low angle side of the rocking curve are ’

shown as solid lines and at the high angle side of the RC as dashed lineSPOtS on the sample characterized by different degrees of
The downward pointing arrows indicate the inward shift of the antinode bymosaic spread.

half of dyyg, while crossing the Gaf0002 Bragg peak. Due to the differ-

ence in the atomic scattering factors for Ga and N atoms the diffraction

planes are shifted by from the center of the double layer towards heavier IIl. RESULTS AND DISCUSSION

Ga atomgRef. 21).

The x-ray diffraction measurements revealed very high
crystalline quality of the film. The coherent G&02 and
atomic scale “yardstick” to probe the atomic structure of the (0004 »—26 x-ray diffraction curves(where thew angle
lattice can be regarded as one of the most “direct” tech-refers to the sample and theangle to the analyzgmea-
niques to determine polarity. Kazimiraat al'* applied this  sured with a G€20) three-bounce analyzer crystal show the
method to study a thin GaN film grown by plasma-inducedcharacteristic interference patteffig. 2). The interference
MBE on sapphire and found the polarity to be opposite tofringes are more pronounced for ti@002 reflections but
one of the MOCVD grown films. This finding has led to the are clearly observed also in the vicinity of tt@004 Bragg
study of the polarization induced properties of 2D electronpeak. Determination of the thickness of the film from the
gas in AlGaN/GaN heterostructurésRecently, this tech-  width of the (0002 peak and from the period of the oscilla-
nique was also used to study polarity of thin ferroelectrictions gave the value of 300 nm in good agreement with what
films.* In this work we combined the XSW method with was expected from the growth rate. From the angular width
high-resolution x-ray diffraction to study the crystalline per- of the interference pattern for tf6002 reflection the thick-
fection and the polarity of the GaN epitaxial film grown by ness variations due to the roughness of the film can be esti-
the hydride vapor phase epitaxy on Si-face SiC. mated as 30 nm. Thelattice constant was determined to be
5.177 A. This is lower than the value of 5.1854 A reported in
Ref. 16 for GaN grown on SiC.
The coherent0002 w curve measured by scanning the
The GaN epitaxial layer was grown by HVPEThe sample through the diffraction peak while keeping the ana-
HVPE process was performed in an inhouse built growthlyzer crystal fixed at the position of the maximum intensity
chamber equipped with a resistively heated furnace. In &as a shape typical for a layer containing large mosaic blocks
horizontal open-flow reactor, HCI gas reacted with liquid Ga[see Fig. 2a)]. Our analysis gives an average size of the
to form GaCl gas, which was transported to the growth zondlocks as 1lum. This mosaic spread is the main reason for
of the reactor and reacted with §Hresulting in GaN depo- the broadening of the double-crystal rocking curves. The es-
sition on SiC substrate. Ar was used as a carrier gas. Théémations of the density of dislocations from the curves
GaN layer was grown directly without any buffer layem  give the value of 2—% 10’ cm™ 2 for the threading disloca-
the (0001)Si face of commercial 6H-SiC on-axis 2-in.- tions density and one order of magnitude more for the den-
diameter wafer. The thickness of the GaN layer was abousity of edge dislocations with the Burgers vectors in the
300 nm. The growth temperature was near 1020 °C. Thé€000J plane. These are unusually low values considering the
GaN growth rate was about 300 nm/min. lattice mismatch and the thickness of the film. These results

II. EXPERIMENTS
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where |S| and ¢}, are the modulus and the phase of the
geometrical structural factor of thgth sublattice S,
i =|Sl,|ei*h==, exp(Hrl), e Mi ande™Wh are the thermal
and static Debye—Waller factors; ant) is the phase of the
complex E-field amplitude ratioEy/Ey,. Thus both the
g modulus and the phase of the structure factor of the indi-
. . . ) . vidual sublattice can be measured in the XSW experiment
172 175 174 175 making the method phase sensitive. Since the phase of the
Ga sublattice is different for the Ga- and N-polar GaN crys-
tals the polarity can be directly determined by analyzing the
(a) Ga—K fluorescence yield curve.

For over two decades the XSW technique was applied to
the study of surface structures of nearly perfect crysfals.
Recently, this method has been extended to compound thin
1073 films with the thicknesses less than the extinction length, i.e.,

] when the x-ray diffraction becomes kinematitt®>!°?°The
] standing wave in thin film is generated via the interference
2] between the strong incident wave and the weak kinemati-
1073 ; . L

] cally diffracted wave from the film resulting in much weaker
XSW modulations in comparison with perfect bulk crystals.
One distinct advantage of the thin film XSW method is the
10" broadening of the rocking curve that makes it possible to

] study a variety of crystalline materials that cannot be grown
as bulk perfect crystals. The absence of the extinction effect
makes it possible to account for the broadening of the rock-
o, degree ing curve due to mosaic structure by performing a convolu-

(b) tion with a Gaussian functiol?.

The imperfection of the crystal lattice generating the

FIG. 2. Experimental0002 and (0004 x-ray »-26 diffraction curves mea-  x-ray standing wave is characterized by a static Debye—

sured from the 300 nm thick GaN film on SiC substrate by using the high- —wi . . .
resolution x-ray diffractometer in triple-axis geometry. A (@20 three- Waller (DW) factore™ ™. This factor tells us which fraction

bounce analyzer crystal was used to measure primarily the coherer®f the crystal lattice is scattering coherently; the remainder

component of the scattered x-ray intensity by significantly reducing the 4, 7W{_| ; ; ; ; ; _
contribution of the diffuse scattered intensity. Inéat shows the coherent (1 € . ) O.f the "f"tt'ce IS contrlbutlng to the d|ﬁu§e S.C&t .
(0002 o curve measured at a fixed9Zor the analyzer crystal. The inter- t€red intensity. This assumes that the crystal lattice is still

ference fringes are clearly seen in b¢@902 and(0004 curves indicating ~ perfect but its scattering power is reduced by the factor of

the excellent crystalline quality of the film. e~ Wh. The static DW factor equals unity for a perfect crystal
and zero for an amorphous material. The x-ray standing

are in good agreement with our TEM analysis showing lowwave is generated by the coherent part of the crystal lattice.
dislocation density and large areas nearly free of defects. The basic features of th€0002 XSW behavior in a

The interesting feature derived from diffraction measure-wurtzite GaN lattice are shown in Fig. 1. The x-ray standing
ments is that the coherent lengths for @002 and the wave is generated inside the film via the interference be-
(00049 reflections are very close to each otli285 and 255 tween the incident and th@002 Bragg diffracted x-ray
nm) and to the thickness of the film. This is characteristic forbeams. It has the periodicity of the GaN diffraction planes
the epitaxial layers with low defect density and indicates thgdggo) and the planes of the maximum and minimum of the
absence of elastic strain due to deviations of the lattice corelectric field intensity are parallel to the atomic planes. Scan-
stant from its average value. ning the crystal through the Bragg peak causes a change of

A typical experimental XSW data set is shown in Fig. the phase of the diffracted beam hyradians and, conse-
3(a). The characteristic minimum and maximum of thekGa quently, an inward shift of the standing wave by (Hgh,.
fluorescence yield are observed at the low and high anglét the low-angle side of the diffraction peak the planes of
side of the rocking curve due to the movement of the XSWmaximum intensity, i.e., the antinodes, are located between
pattern while scanning the sample through the Gatb?2  the double atomic layerésolid lines in Fig. 1 while after
diffraction peak. crossing the Bragg peak they are positioned inside the double

Neglecting the extinction effect the fluorescence yieldlayer (dashed linesat the diffraction planes. Therefore, the
from thejth sublattice of the compound crystal can be writ- XSW antinodes pass through the Ga-atomic layer for Ga-
ten ad’ polar film[Fig. 1(a)], but not for the N-polar filmiFig. 1(b)].

1715 1720 1725 17.3¢

®, degree

Counts, arb.units

o, degree

(0004)

Counts, arb.units

1 v T v T M T v T M
36.40 36.45 36.50 36.55 36.60 36.65
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rescence yield is shown at the top as solid circles; the
solid line is the best fit for the Ga-face film yielding a
(a) static Debye—Waller factee™"=0.71. The theoretical
curve for the N face is shown as a dotted line for com-
parison; (b) the y? values as a function of the DW

angle, arc sec

J —A— Ga-face J factor used as the only fitting parameter for the Ga face
0.03 —w— N-face / (up triangle$ and N-face GaN film(down triangles
1 The Ga-face model gives five times lowgf values
/V than the N-face model.
A

0,02—- v /

0.01—: \ vV /
|l

S |

y’-values
p <
\\
AN
»

0.00 — T —
05 0.6 0.7 0.8 0.9 1.0

static Debye-Waller factor

(b)

Due to the difference in the atomic scattering factors for Gashown in Fig. 8b). For all experimental data taken from
and N atoms the diffraction planes inside the double layedifferent parts of the sample the XSW analysis gives signifi-
are positioned more closely to the Ga atomic laffer the  cantly, from 4 to 6 times, loweg? values for the Ga-face
details of the calculation of the exact location of the diffrac-film. The best fit for the Ga-face film is shown in FigaBby
tion plane see Ref. 21 Thus, by monitoring the Ga- the solid line. The theoretical curve for the N-face film is
fluorescence angular response the polarity of the film can balso shown for comparison. Thus, our analysis unambigu-
identified* ously shows that the Ga-face GaN film grows on Si-face SiC
To fit the experimental XSW data the approach devel-substrate. This result is in agreement with the high-resolution
oped in Refs. 14 and 19 was explored. First, the theoreticalectron microscopy data and the ab initio energetic
x-ray reflectivity curve was convoluted with the Gaussiancalculatiot® and support the “standard framework” pro-
function to take into account the mosaic spread. For the datposed in Ref. 9.
shown in Fig. 8a) the 0=31.5 arcsec gives the best fit to the The broadening of the x-ray rocking curves collected
experimental rocking curve with the full width at half maxi- during the XSW measurements is mainly due to the mosaic
mum (FWHM) equal to the experimental value. The samespread. The values of the FWHM of the x-ray RCs taken
Gaussian function was then used for the convolution of thérom different regions of the sample varied from 62 to 95
calculated fluorescence yield. Then, the Ga—K XSW fluoresarcsec while dynamical diffraction theory gives the FWHM
cence yields calculated for Ga- and N-polar GaN films wereof 39 arcsec. The correspondingvalues of the Gaussian
fitted to the experimental data with the static DW factor asfunction varied from 20 to 36 arcsec. The fact that the x-ray
the only fitting parameter. For the XSW calculations we usedtanding wave is generated by the “coherent” part of the
computer algorithm developed in Ref. 22 for multilayer crys-lattice gives us the unique opportunity to look at the corre-
talline systems. Thus, two quantities were derived from thdation between the mosaic spread and the perfection of the
XSW data: the polarity of the film and the static DW factor lattice. The static DW factor derived from the XSW data as a
of the GaN lattice generated the standing wave. function of the mosaic spread is presented in Fig. 4. An
Typical x? plots for the Ga and N polarity of the film are interesting conclusion immediately follows: the increased
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0.85 typical values usually observed in the epitaxial semiconduc-
tor films grown by the MBE or MOCVD on GaA¥. (For
0.80 comparison, the static DW factor determined by the XSW
A _,'A technique for the GaN film grown by the plasma induced
e 075 ' MBE on sapphire wae™W~0.361% This high degree of
% . lattice perfection and low defect density in the film are un-
S 0 A usual for the given lattice mismatch and the thickness of the
2 A film. The high degree of perfection can be attributed to the
3 extremely high growth rate of about 300 nm/min. We specu-
= 0654 late that at this rate, most parts of point defects generated
] A near the surface during epitaxial growth do not have suffi-
0.60 + cient time to reach the interface and form misfit dislocations.
Additional experiments are required to strengthen this hy-
0.55 — pothesis.
15 20 25 30 35 40
G, arc sec IIl. CONCLUSIONS

FIG. 4. Corre_lation between the staFic Debye—WaI!er factor of the crystgl We applied high-resolution x-ray diffraction and x-ray
lattice determ!ned t_)y the x-ray standing wave technique and the broadenlngtanding wave techniques to study the structure and polarity
of the x-ray diffraction curve due to mosaic spread. . . ]
of a GaN film grown by hydride vapor phase epitaxy on the
(000J1Si face of commercial 6H-SIC crystal. In our high-

) .. .. resolution x-ray diffraction measurements the three-bounce
mosaic spread leads to a more perfect lattice inside indigg200) analyzer crystal was used to reduce the contribution
vidual mosaic blocks. This conclusion appears counterintuiss gifyse scattering. The diffraction data show high crystal-
tive since the epitaxial film with broader RC should havejine quality of the film and low dislocation density. This
lower structural quality. We explain this phenomenon by the,,nclusion was confirmed by TEM. We also found that the
getter effect of the dislocation structure on point defects gens,osaic structure of the film is the main contributor to the
erated during epitaxial growth. It is well known that disloca- broadening of the x-ray rocking curves.
tions work as sinks for point defects. The higher degree of  1he xSW technique explored here is based on genera-
mosaic spread requires higher density of dislocations in thg,, of x-ray standing wave inside a thin GaN film, under
boundaries between individual blocks. A denser dislocatioq:ondition of the(0002) diffraction from the film. The analy-
structure is more effective in gettering point defects from thegis of the Ga—K fluorescence yield modulations unambigu-
lattice of the adjacent blocks thus leading to the higher Val'ously revealed the Ga polarity of the film. This result is

ues of the static DW factor. consistent with the high-resolution electron microscopy

_ This effect is very difficult to observe by standard x-ray 44142 and theab initio energetic calculatiodand supports
diffraction techniques. Usually the x-ray intensity diffracted o “standard framework” proposed in Ref. 9. The correla-

from the film can be considered as consisting of two compOyign petween the perfection of the crystalline lattice mea-

nents, different in their physical origin. The first originates ;o by the static Debye—Waller factor and the degree of
from the “coherent” part of the lattice that can be describedy,o mosaicity was studied by analyzing the XSW data taken
as a perfect crystal with the scattering power reduced by thgo gifferent spots on the sample. We found that the re-
static DW factor. The s_econd part is the diffuse sca\tterlngbionS of the film with higher mosaic spread exhibit higher
from defects. The mosaic structure washes out the sharp Cyystalline perfection. We conclude that this is due to the
herent component of the scattered intensity resulting in th@eer effect of dislocations on point defects generated during
broadening of the x-ray diffraction peak. Thus, the 'ncreaseepitaxial growth.

in the reflectivity due to the lower density of point defectsis =~ 11 unusually low defect density in the GaN film grown
accompanied by the broadening of the RC due to highepy the HVPE found in this work requires further investiga-
mosaic spread. The x-ray standing wave is the result of th§ons  One plausible model brings into consideration very
interference between the incident and coherently scatterégfgn growth rate characteristic for this technique that can
from the film waves. By measuring the fluorescence yield,qsginly prevent point defects generated at the surface of the

from atoms of the film generated by the standing wave, W&jim from reaching the interface and forming misfit disloca-
can directly probe the structure of the coherent part of thg;yq
atomic lattice. Here we assume that the contribution of the
diffuse scattered x rays to the fluorescence yield is negli-
gible. This assumption is based on the fact that the diffuséA‘CK'\lOWLEDGNIENTS
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