%529 % 57 W * 5 & % # Vol.29 No.7
2008 4F 7 f JOURNAL OF SEMICONDUCTORS

Defect Cluster-Induced X-Ray Diffuse Scattering in GaN Films
Grown by MOCVD™
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Abstract: High-resolution X-ray diffraction has been employed to investigate the diffuse scattering in a (0001) oriented
GaN epitaxial film grown on sapphire substrate. The analysis reveals that defect clusters are present in GaN films and their
concentration increases as the density of threading dislocations increases. Meanwhile, the mean radius of these defect clus-
ters shows a reverse tendency. This result is explained by the effect of clusters preferentially forming around dislocations,
which act as effective sinks for the segregation of point defects. The electric mobility is found to decrease as the cluster
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1 Introduction

In recent years, group IIl-nitrides have attracted
much attention because of their potential for high-
temperature and high-power electronic devices. Due
to lack of appropriate substrate, high density disloca-
tions (10°~10"cm~*) will be generated in group III-
N epitaxial layers. Various structural investigation
methods,such as X-ray diffraction (XRD), transmis-
sion electron microscopy ( TEM), and Rutherford
back-scattering ( RBS)/channeling techniques were
used to investigate the effect of the threading disloca-
tions on the structural properties of I1I-nitride epitax-
ial layers. Among these methods, XRD is a well-estab-
lished technique to analyze crystal lattice perfection.
The density of screw and edge dislocations can be
characterized by the half widths of diffraction peaks
of X-ray Bragg reflection. Although the obtained
structural parameters are instructive for the material
growth and device design,it is still not enough to de-
termine the crystal perfection. In addition to the
threading dislocations, the effect of point defects on
structural quality can not be neglected. The X-ray dif-
fuse scattering technique,i.e., Huang diffuse scatter-
ing, is applicable for studying point defects, disloca-
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tion loops,and small defect clusters in metals''**! and

semiconductors® .

However, few reports about X-
ray diffuse scattering of GaN films are available at
present. In this study, we will focus on an investiga-
tion of the broad tail of the X-ray rocking curve,
which is induced by the diffuse scattering of a large
number of defect clusters in GaN film grown on sap-
phire substrate,as well as the relationship between de-
fect clusters and photoelectric properties. It is found
that the carrier mobility decreases as the cluster den-

sity increases in GaN films.

2 Theoretic basis of diffuse scattering
from point defects

The defect-induced distortions in a crystal lattice
gives rise to X-ray diffuse scattering'®'. A review of
diffuse scattering of defects has been given by Krivo-
glaz'™” and Dederichs®* . In addition, experimental
results have shown that X-ray diffuse scattering in the
vicinity of the Bragg reflection can be used to investi-

15100 Here we will outline those

gate point defects
parts of the theory that are relevant to the under-
standing of our experimental measurements. If point
defects aggregate into a cluster,a statistical distribu-

tion of clusters will be formed in the lattice. Under
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the assumption of a linear superposition of the dis-
placements of the point defects in a cluster of radius
R .the diffuse scattering is proportional to the densi-
ty C, and the square of relaxation volume V., of de-

fect clusters™® "

.Depending upon the magnitude of g
deviated from the Bragg position, where q is defined
as ¢ = k=t h (where k is the scattering vector and k is
the reciprocal-lattice vector) ;one may distinguish two
regions of diffuse scattering. First,at small g, the dis-
placement field is away from the defect centers and
scattering function § (K) has ¢ * dependence. The
scattering is Huang diffuse scattering (HDS) . Second,
at larger q values, diffuse X-ray scattering from
strongly distorted regions of the lattice falls off like

q " according to a generalized form of the Stokes-

Wilson (SW) approximation® .

3 Experiment

All the investigated samples were grown by met-
al-organic chemical vapor deposition ( MOCVD )
(Thomas Swan Scientific Equipment 3 X 2 CCS-
MOCVD with a vertical quartz reactor) on c-axis
sapphire substrate. The growth of GaN epitaxial layer
takes the conventional two-step method with H, carri-
er gas under low reaction pressure at the temperature
of 1040C. The group-III precursor used for the
growth of GaN layers was trimethyl-gallium. Diffuse
X-ray scattering measurements were performed with
a Bede D1 high-resolution X-ray diffractometer
(HRXRD), using a conventional sealed X-ray tube
and Cu Ko, radiation. The rocking curve (w scan) was
taken to study the X-ray diffuse scattering in GaN
films. The full width at half maximum (FWHM) of
the w scan for the symmetric (0002) and skew sym-
metric (1012) reflections of GaN films was used to
characterize the density of screw-type dislocation and
edge-type dislocation, respectively. The density of
threading dislocation was obtained using the follow-
ing expression'*** . DaB* /(4. 35X b*) (where b is the
Burgers vector of the threading dislocation; and g is
the FWHM of the rocking curve) . In addition.the op-
tical and electrical properties of GaN samples were
investigated using Hall and photoluminescence (PL)
measurements at room temperature.

4 Results and discussion

Figure 1 shows rocking curves (w scan) around
the (0002) reflection in the GaN films. The symmetri-
cal part of the diffuse scattering intensity curves is de-
scribed by I=[1(+ g)+ I(— ¢g)]/2,where I is the
average intensity change measured at equal g on ei-
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Fig.1 Rocking curves around the (0002) XRD reflection in
three GaN films

ther side of the center of the Bragg peak. Figure 2
shows the symmetric intensity of the diffuse scatter-
ing on a double logarithmic plot for (0002) reflection
from three GaN samples. These curves indicate that
there are two regions of linear behavior with differ-
ent slopes, corresponding to Ioc g% and Ioc g™ *,re-
spectively. This suggests that the HDS region (Iy) for
smaller g values and the SW scattering () for lar-
ger g values are observed. Therefore, it is possible to
determine the average radius R, of the clusters from
the crossing point g, of the two straight lines,i.c.,
the g ~* dependence line of the HDS and the g ~* de-
pendence line of the SW scattering, as shown in
Fig. 2. Thus, go~1/R. In fact, this method has been
widely used for experimental estimate of defect clus-
ter sizes®'" 1,

Furthermore,for g=> g, ,the diffuse intensity de-
creases faster and then follows a relation of I, (g)-
q '.Tt finally becomes less than the thermal diffuse
scattering intensity Iy, which decreases slowly in
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Fig.2 Log-log (intensity versus g) plots of the symmetric part
of the scattered intensity close to (0002) reflection for three
samples The data points (squares,circles, triangles) correspond
to the w scan intensity near the (0002) reflection of samples A,
B.and C, respectively. The measured curves are fitted by 2
straight lines with 2 different slopes shown by solid lines corre-

sponding to 1oc g % and Ioc g~ *, respectively. The intersec-

tions of the two solid lines, g, sare shown by the arrows.
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Table 1 Results of HRXRD.,PL,and Hall measurements
Screw Edge FWHM X .
. . . . Cluster Cluster Carrier Carrier
dislocation dislocation i X of NBE . i
Sample . . radius concentration Io/IvL mobility concentration
density density ) o, peak , ) .
o o /nm /em ™3 /Cem?/(V +s)) /em ™8
/em™ 2 /em™? /meV
A 7.2x107 3.1x108 52 9 X102 28 1.6 700 6.8Xx1016
B 6.8%107 2.2X108 51 1x108 31 1.7 600 1.1x10%7
C 1.1x108 6.3%x108 35 4X 101 28 0.5 150 1.3X10'7

analogy to I." The intensity of the thermal diffuse

scattering It (gr) can be used as an internal reference
to scale the Huang intensity. Thus, one can obtain an
expression for determining cluster concentration C,
from Eq. (1P,

Iv(qu) _ Ca(AV)? % | g |7 « oO(m,n)

I+Cgr) ks T/E | gu |’ K(m.n)
where kg is the Boltzmann constant, T is the sample
temperature, E is the Young modulus, AV is the
change in the volume of the crystal produced by a sin-
gle defect cluster, gu is the wave vector in the HDS

@)

region, g is the analogous value in the thermal dif-

fuse scattering region,and II(m,n) and K (m.n) are
dimensionless factors of order 1 that depend on the
unit vector m and n,and on the elastic constants of

the matrix. The ratio of I(m.n) to K (m.n) is of or-
der 1. Thus, the corresponding defect cluster concen-
tration C, can be estimated from the value of I,/1I+.

Table 1 presents the density of screw and edge
threading dislocations for GaN films, the mean radius
R, and the density of defect clusters C,.and the re-
sults of Hall and PL measurements. It is found that
the mean defect cluster radius decreases as the dislo-
cation density of the samples increases. Meanwhile,
the density of defect clusters seems to have a slight as-
cending tendency. As shown in Table 1. the cluster
size (35nm) is the smallest and the cluster density (4
X 10" em™®) is the highest for sample C, which has
the highest screw and edge dislocation density in the
investigated samples.

The lattice matrix may be distorted by point de-
fects in the crystal. Therefore,in general there will be
a long-range interaction between point defect and dis-
locations. Dislocations provide sites for the segrega-
tion of point defects. The accumulation of impurities
or native defects at the dislocation lines is usually re-
ferred to as a “Cottrell atmosphere”™!. We think
that the same mechanism is valid for wide band gap
group III-N materials. In view of the presence of a
high density of dislocations (10°~10"cm™?) in GaN
epilayers grown on sapphire, it is reasonable to assume
that the dislocation lines are suitable sites for the seg-
regation of point defects like the nitrogen vacancy,
oxygen''® and carbon impurities, and their comple-

xes. Therefore,we suggest that the defect clusters ob-
served in GaN samples are related to the threading
dislocations,and the density of defect clusters increa-
ses as the density of threading dislocations increases.
Actually,both edge and screw dislocations may form
defect clusters around them. As first reported by
Chern et al., an open core type of nanopipes, 5 ~
25nm in diameter were observed in nominally undo-
ped GaN films grown by MOCVD, which contained
threading dislocations with Burgers vectors <0001)
(screw dislocations)"'”. The point defect species such
as Ga interstitials and the impurities or its complexes
may segregate around dislocations to form clusters. It
seems that the stress fields of dislocation represented
by the observed HDS are large enough and the point
defects thus can be trapped in the vicinity of disloca-
tion lines. Table 1 shows that the defect cluster con-
centration increases as the density of the threading
dislocations increases. On the contrary,the cluster ra-
dius decreases at the same time. There seems to be a
balance of the magnitude between cluster size and
concentration. This result can be understood if the to-
tal concentration of point defects in these GaN films
is assumed to be nearly a constant.

The Hall and PL results measured at room tem-
perature are listed in Table 1. The carrier mobility de-
creases as the defect cluster concentration increases
and as the cluster size decreases. However, a reverse
dependence is observed for the carrier concentration
in the investigated samples. Thus, statistically a lower
defect cluster density may be related with a higher
carrier mobility and a lower carrier concentration. In
other words, the mobility is improved as the cluster
size increases. As for the optical property of the meas-
ured GaN samples characterized by PL, it seems that
there is not a remarkable correlation between the PL
properties and the defect clusters in GaN samples.
The FWHM of near-band-gap (NBE) luminescence
peak is almost the same for all three samples, as
shown in Table 1. However, sample C which has a
higher defect cluster concentration, displays a lower
ratio of I,/Iy.,i.e¢.,the ratio between the intensity
of NBE luminescence peak [, and the intensity of
yellow luminescence peak Iy, .
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5 Conclusion

In summary, the defect clusters in GaN films
grown by MOCVD are observed by the method of dif-
fuse scattering using HRXRD. A fundamental corre-
lation is found between the density of threading dislo-
cations and the cluster density. The experimental re-
sults are explained based on a suggestion that the dis-
locations act as an ideal sink for the accumulation of
the point defects,i.ec. ,the dislocations play a role of
“scavengers” for the point defects in the GaN films.
Furthermore, with increasing cluster size and a corre-
sponding decrease of the cluster density, the carrier
mobility is improved.
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