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Microstructure and strain analysis of GalN epitaxial
films using in-plane grazing incidence x-ray diffraction*
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This paper investigates the major structural parameters, such as crystal quality and strain state of (001)-oriented

GaN thin films grown on sapphire substrates by metalorganic chemical vapour deposition, using an in-plane grazing

incidence x-ray diffraction technique. The results are analysed and compared with a complementary out-of-plane x-

ray diffraction technique. The twist of the GaN mosaic structure is determined through the direct grazing incidence

measurement of (100) reflection which agrees well with the result obtained by extrapolation method. The method for

directly determining the in-plane lattice parameters of the GaN layers is also presented. Combined with the biaxial

strain model, it derives the lattice parameters corresponding to fully relaxed GaN films. The GaN epilayers show

an increasing residual compressive stress with increasing layer thickness when the two dimensional growth stage is

established, reaching to a maximum level of —0.89 GPa.
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1. Introduction

GaN-based semiconductors have shown to be
promising materials in applications of wide vari-
ety of optoelectronic and electronic devices such as
blue/ultraviolet light-emitting diodes, laser diodes
as well as high power, frequency and temperature
devices.' =4 Due to the lack of native bulk GaN sub-
strates, heteroepitaxial GaN films usually are grown
on foreign substrates, for instance, on sapphire or
silicon carbide substrates in commercial application.
Epitaxial GaN films are characterised as mosaic struc-
tures which exhibit a high density of threading dis-
locations originating from the large lattice mismatch
and thermal expansion coefficient mismatch to the
substrates.l’] The dislocations play a significant role
in leakage current, yellow photoluminescence and non-
radioactive combination which strongly limit the ef-
ficiency and lifetime of the devices.[0=8 Despite of
the presence of strain-relieving threading disloca-
tions, GaN heteroepitaxial films are normally un-

der significant residual strain. The strain is often

linked to bending or cracking of epitaxial films® and
poses issues for device processing such as facet cleav-
age and photolithography. Furthermore it has im-
pact on electronic band structures and luminescence

properties. [t

The light emission wavelength of In-
GaN/GaN multi-quantum-wells can be adjusted by
strain fields.'" The strain can also act as a driv-
ing force for formation and evolvement of structure
defects.'?l At present, the epitaxial growth of GaN
thin films with high crystallographic quality still re-
mains a key issue for the fabrication and performance
of GaN-based devices.

The x-ray technique provides essential tool for
structural investigation of distorted and defective
crystals. In comparison with other methods, such
as transmission electron microscopy (TEM), x-ray
diffraction (XRD) method has the advantage of be-
ing convenient and non-destructive as well as giving
averaged information on a large scale region. Another
prominent advantage of the x-ray method is the high

sensitivity to strain with a resolution of ppm level
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and it is particularly applicable to evaluate strain dis-
tribution and lattice parameter in the epitaxial film

(13] Conventional x-ray Bragg diffraction de-

system.
scribes the structural properties perpendicular to the
wafer surface or inclined at an angle to it. However
structural information parallel to the wafer surface
cannot be directly measured. In hexagonal wurtzite
GaN-based epilayers, in-plane biaxial strain and a axis
lattice parameter thus are normally extracted from
out-of-plane measurements and calculations according
to the elastic theory. The measurement processes in-
volve a series of (00]) symmetric reflections and (hkl)
asymmetric reflections. In recent years, in-plane graz-
ing incidence XRD has developed into a powerful tech-
nique for direct and efficient measurement of in-plane
structure parameters owing to its intrinsic advantages.
In this study, typical (001)-oriented GaN films were in-
vestigated with the in-plane diffraction function mode
by a high resolution triple-axis x-ray diffractometer.
The a axis lattice parameter was measured under in-
plane scattering geometry together with the mosaic
twist, and the stress state was checked based on the
biaxial strain elastic model.

2. Experimental

The investigated (001)-oriented GaN films were
grown by metal-organic chemical vapour phase epi-
taxy on c-plane sapphire substrate in a Thomas
Swan Showerhead reactor. Trimethylgallium, ammo-
nia (NHs), and hydrogen (Hz) were used as Ga and
N precursors and carrier gas, respectively. The con-
ventional two-step growth method was adopted for
the growth of GaN epilayers. First, an initial thin
GaN buffer layer was deposited at 540 °C to accom-
modate the large lattice mismatch between GaN and
sapphire. Then, the temperature was ramped up for
the high temperature island growth followed by the
transition from three dimensional (3D) to two dimen-
sional (2D) growth mode and finally the growth of
high quality GaN films was carried out at 1040 °C.
The series of GaN epilayer samples investigated in this
study were deposited under nominally identical con-
dition but with different thickness (0.6, 0.8, 1.6 and
3.0 pum, respectively). These samples revealed varia-
tions in residual strain as will be discussed in detail
later.

High resolution and in-plane grazing incidence
XRD measurements were performed using Bruker D8
DISCOVER high-resolution x-ray diffractometer with

a CuK, target (A = 1.54056 A, 1 A = 0.1 nm). A
four-bounce Bartels Ge (220) crystal monochromator
and a three-bounce Ge analyser crystal were applied
for high-resolution configuration measurements. In
grazing incidence geometry, x-ray tube was rotated
90° to enable an adjustable incidence angle with re-
spect to the sample stage and the curved multilayer
reflection optic (Gobel mirror) and double Soller Slit
were employed to get the high intensity and low di-
vergence angle incoming beam.

It is noted that the method of in-plane grazing in-
cidence diffraction is especially suitable for studying
very thin epitaxial films. It allows a direct access to
lateral parameters such as lattice plane spacing and
micro-strain. As the diffraction geometry illustrated
in Fig. 1, the incident beam strikes the sample sur-
face under a small glancing angle «; which is close to
the critical angle for total reflection a.. It creates an
evanescent wave with finite penetration depth. When
we rotate the sample around the surface normal into
the diffraction condition, the diffraction beam exits
under a small glancing angle oy with respect to the
sample surface. Grazing incidence diffraction can be
interpreted as a combination of diffraction at lattice
planes perpendicular to the sample surface with re-
flection of the incident beam from the surface. Fur-
thermore, the penetration depth of grazing incidence
x-ray beam into sample changes as a function of in-
cident angle «a;, which can be applied to characterise
depth-dependent microstructure.

diffracted beam

incident beam

| %ion plane

Fig. 1. Schematic illustration of in-plane grazing incidence

diffraction geometry.

3. Results and discussion

The mosaic structure of heteroepitaxial GaN is
described in terms of four crystallographic parame-
ters: tilt, twist, lateral and vertical correlation lengths
where tilt and lateral correlation lengths can be di-
rectly deduced from (00!) on-axis w scan with increas-
ing reflection orders according to the Williamson—Hall
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plot. The determination of in-plane orientation twist,
however, shows considerably more difficulties. Based
on a series of w scans measured in skew symmetric ge-
ometry of diffraction planes with increasing inclined
angle y with respect to the basal plane, twist can be
extracted from extrapolation when the inclined angle
x is reaching 90°.1'Y We have performed w-scan XRD
rocking curve measurements on the 3 pm-thick sample
for (hOl) reflection as a function of interplanar angle
x shown in Fig. 2, where a least-squares fit to the full
width at half maximum (FWHM) data is also pre-
sented. The extrapolation equation can be expressed
as

Bt = (Beite €08 X)* + (Bewist sin x)?, (1)
where S5 represents the w-scan FWHM of the (hkl)
reflection, By and Biwist are the mosaic tilt and twist

spread respectively.
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Fig. 2. The FWHM values of rocking curves for (h0l) re-
flections as a function of interplanar angle between the re-
flecting lattice plane and the sample surface. The solid line
is a least-squares fitting to the data according to Eq. (1).
The extrapolated twist value agrees well with direct mea-
surement value from (100) in-plane diffraction.
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Alternatively, the grazing incidence in-plane
diffraction provides a more efficient and simplified
method to direct measure mosaic twist, which is dis-
cussed below. In Figs. 3(a) and 3(b), the @-scan and
w-scan diffraction profiles of GaN epilayer (100) reflec-
tion in grazing incidence are presented, respectively.
In this case, it is noted that the w-scan is more suit-
able for the determination of twist spread because
the in-plane instrumental resolution of w-scan reaches
0.0001° which is much superior to ®-scan. In con-
trast, the crystallographic symmetry and phase com-
position can be characterized by @-scan owing to the
full round scan range of 360° as the six fold symme-
try in wurtzite GaN structure illustrated in Fig. 3(a).
There are several kinds of potential broadening fac-
tors to be taken into account in the measured w-
scan FWHM (B,,) based on the broadening expres-
sion: 32 = 33 + 5% + B2, but the instrumental diver-
gence (B4, ~0.03°) and crystal intrinsic width (5p) are
comparatively small and can be neglected in compar-
ison with the in-plane rotation (8;). It is found that
the measured curve can be well fitted to the Gaus-
sian function, this result indicates that the FWHM
is mainly induced by the mosaic twist 8;. To check
the reliability of the result, we compare the direct
measured FWHM value obtained from (100) in-plane
diffraction with that obtained by the extrapolation
method as shown in Fig. 2. It is found that the results
of two methods agree with each other very well, this
result confirms that the (100) w-scan in grazing inci-
dence can be effectively employed as the mosaic twist

measurement.

3000+ (b)

20004

1000

Intensity/arb. units
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Fig. 3. (a) The (100) 360° @-scan and (b) (100) w-scan grazing incidence diffraction of GaN epitaxial film in in-plane

geometry as well as the Gaussian fit curve.
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Figure 4(a) shows (100) in-plane rocking curves
of GaN film measured at various grazing incident an-
gle ¢ in order to investigate the dependence of crys-
talline quality distribution in the top GaN layer on
film depth. When the grazing incident angle is less
than the angle of total reflection,'! the penetration
depth of x-ray beam is calculated according to the

following expression:

) 1
Tom
T (\/ag — sin? ai>

where A is wavelength of the incident beam, «; and

L , (2)

a. are incident and critical angle, respectively (see
Fig. 1). If the grazing incident angle is larger than
the angle of total reflection, the penetration depth of
x-ray beam is approximately expressed as

1 .
L~ oM sin ay, (3)
|
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where p is linear absorption coefficient of GalN
(429 cm~1).1'6] The calculated L values are ranging
from 5 nm to 142 nm in this experiment depending
on the value of «;. As the result shown in the in-
set of Fig. 4(a), the FWHM values almost maintain
unchanged when we increase the penetration depth
of the probing beam demonstrating a homogeneous
crystalline quality of the top GaN epilayer. The same
tendency is also exhibited in Fig. 4(b) by performing
w—26 scans of (100) reflection under the same experi-
mental setup. This means that there is no remarkable
depth-resolved variation in strain state in the top GaN
layer within detectable region. Therefore, in this case
the strain state can be determined by in-plane diffrac-
tion without concerning about its depth dependence.
In addition, the error induced by sample horizontal

alignment procedures will be small and may be ne-

glected.
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Fig. 4. (a) The (100) w-scan grazing incidence reflection curves measured at different incident angle «;. (b) The

FWHM values for (100) reflections in dependence of incident angle «;.

Normally, to determine the in-plane lattice
parametera of the GaN film grown on sapphire, (001)
symmetric reflections are measured to directly obtain
lattice parameter ¢ at first. Then one or two asym-
metric reflections of planes inclined with a large angle
to the basal plane (such as (105) and (204)) are per-
formed to evaluate interplanar spacing and then the
average lattice parametera can be calculated. The cal-
culation is based on the value of ¢ and the following
equation which depicts relation between different in-

terplanar spacings:

1 _§h2+k2+hk+ 12
2., 3 a?

(4)

2’

As a result, there are more inaccuracies found in a
than ¢, owing to the fact that the error of a is in-
creasing due to its dependence on the error of ¢ value.
Bond'" and Fewster and Andrew!!8! had advanced
an improved method to measure the lattice param-
eters with high accuracy. In the Bond’s technique,
the (n, —n) and the (n,+n) of a single reflection are
combined to remove the effect of the ‘zero error’. Ac-
cording to Fewster’s method the least-squares fitting
procedures to Eq. (4) are carried out to obtain ¢ and a
simultaneously, and several correction effects are con-
sidered. However, when the thin film thickness is ex-

ceedingly small, the insufficient integrated diffraction
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intensity and the peak profile broadening due to size
effect make it difficult to enable an accurate measure-
ment of the angular position of the diffraction curves.
In contrast, the grazing incidence diffraction method
is suitable for the measurement of the in-plane lattice
parameter even for very thin films and it does not in-
volve measuring out-of-plane lattice parameter before-
hand. A relatively accurate in-plane lattice parameter
measurement can be achieved by using lattice param-
eter of substrates as standard reference. However, the
substrates are generally strained and curved during
the high temperature growth and subsequently cool-
ing down, so the unstrained native substrate lattice
parameter value is less suitable to be taken as the ref-
erence. In addition, when the epilayer is thick enough
(for example, being one micrometer or thicker), the
reference substrate peak is too weak to detect due to
the finite x-ray penetration depth in the grazing in-
cidence geometry. Consequently, the in-plane lattice
parameters of the top GaN epilayers are preferably
determined on an absolute scale in this case.

Both (100) and (110) lattice planes of the (001)
wurtzite GaN films show strong XRD characteris-
tic peaks in the in-plane grazing incidence geome-
try. However, because the (220) reflection can not be
achieved due to the limitation of instrumental range,
only (100) high order reflections are performed in this

1000 4

(200) (a)
2
= 800
=]
T 600+
~
z
2 400+
8
=
2001 Jk (300)
66 69 111 114 117
20/(°)

study. When the angular positions of @ and y have
been carefully calibrated, reflections from the same
zone will satisfy Bragg’s law 2dsinfd = nA with its
own 0 = 0, + A, where 6, is the measured reflec-
tion angle, A# is the Bragg angle correction due to
zero setting. Therefore, we can deduce the following
equation:

2\ 3 3\
2 Sin(egoo_m + AH) B 2 sin(<9300_m + AH) ’

(5)

here the higher order (200) and (300) reflections are
preferred because the sensitivity is higher in high an-
gles. Figure 5(a) demonstrates the result of in-plane
w/26 scans from GaN (200) and (300) reflections of
the 3 pm-thick sample when the incident angle has
been fixed at the total reflection angle of GaN. One
can clearly observe an intense peak of GaN (200) and
a relative weak GaN (300) diffraction peak. The peak
positions are obtained by fitting pseudo-Voigt func-
tion to the experimental data. Combining Eq. (5) and
Bragg’s law, the Bragg angles of GaN are corrected by
considering zero setting of instrumental alignment and
the in-plane lattice parameter a of subsurface GaN
layer is determined as 3.1829 A+0.0005 A. In a simi-
lar way, the (004) and (006) reflections are performed
at the out-of-plane high-resolution XRD setup to di-
rectly measure the lattice parameter ¢.!*9
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Fig. 5. (a) The XRD w/26 scan along GaN [100] measured in the in-plane setup and (b) XRD w/20 scan along
GaN [002] measured in the conventional out-of-plane setup.

As seen in Fig. 5(b), the spectrum contains two intense diffraction peaks, (004) and (006), recorded from
the same GaN sample and the lattice parameter ¢ is determined to be 5.1901 A40.0004 A by using the following

equation:
2A

3\

2 Sil’l(9004,m + AQ) -

2 SiH(QOOG,m + AG) ' (6)

Based on the method presented above, the lattice parameters a and ¢ of GaN samples are determined and

listed in Table 1, where the data of mosaic tilt and twist of these samples are also listed as a reference. The

variation in lattice parameters of different samples is attributed to the residual strain presented in GaN epilayers
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Table 1. Summary of the main crystallographic parameters in GaN epitaxial films grown on sapphire.

thickness  twist(100) tilt(002) measured measured calculated calculated
sample €a
Jum  FWHM/(°) FWHM/(®)  a/A c/A ao/(A)  co/(A)
1 0.6 0.184 0.166 3.1888 5.1860 3.1893 5.1857 —-0.00013
2 0.8 0.144 0.113 3.1841 5.1894 3.1892 5.1857 -0.00161
3 1.6 0.117 0.090 3.1831 5.1899 3.1892 5.1856 —-0.00191
4 3 0.106 0.066 3.1829 5.1901 3.1892 5.1856 -0.00197
\
at room temperature. In Fig. 6, the lattice parameter 5101 -
a is plotted versus the lattice parameter ¢. which can
be well characterised by a linear fitting. A linear rela- S i
—
tionship of the data shows that the GaN samples are £ 51891
dominantly under a biaxial strain field which can be s
p _
described in terms of isotropic elastic theory.l?l The =
. . S .
strain tensor components parallel and perpendicular £ 5187
5]
to the film surface are defined as = . ~
a— ag 5.185 +——————————————————
€a = —, (7) 3182 3184 318  3.188  3.190
ao Lattice parameter c
CcC—Co
Ec = o ) (8) Fig. 6. Plot of in-plane lattice parameter a vs out-of-plane

where ¢ and ¢ are the measured lattice parameters in
GaN epitaxial films and ag, ¢y are the nominal val-
ues for the GaN films in the fully relaxed state. The
Poisson’s ratio v is correlated with the ratio between
strain along c axis €. and in-plane strain e,, and in
the case of biaxial stress, the relationship is expressed
in the following formula:

Ec 2v

== (9)

€a 1—v

Combining Eqs. (7)—(9) and the lattice parame-
ters a and ¢ measured before, we can determine the
unstrained lattice parameters ag and cy, as well as
the residual stresses of these GaN films by taking the
ratio ¢p/ag as a constant value. In the calculations,
the Poisson’s ratio v = 0.18 is adopted as reported
by Moram and Kim,?*22] which is more suitable for
metal-organic chemical vapour deposition (MOCVD)
deposited GaN films with moderate dislocation densi-
ties and the mean value of ¢g/ag ratio is taken from
Refs. [23]-[26] which is equal to 1.626. As summarised
in Table 1, the calculated unstrained lattice param-
eters ag, cg in four GaN samples show very small
variations. By averaging the calculated values, we
determine ag and ¢y to be 3.1892 A+0.0003 A and
5.1856 A+0.0005 A, respectively.

lattice parameter ¢ for GaN samples.

In the case of biaxial strain, the in-plane stress
is related to the in-plane strain by the biaxial elastic
modulus in terms of the given expression: ¢ = Ye,
where the modulus Y = ¢y + ¢12 — 20%3/C33. Taking
the biaxial modulus reported by Béttcher et al.,[”]
the stress state for all studied samples is determined
and depicted in Fig. 7. The illustration demonstrates
the stress development in the GaN epitaxial films
with increasing film thickness. A similar tendency
has also be observed by Hearne et al. using in situ
wafer curvature measurement. (28] In-plane stress in
GaN heteroepitaxial films at room temperature is
considered as a sum of intrinsic and extrinsic stresses
and evolves corresponding to 3D-2D transition of the
growth mode during the epitaxial growth. At the early
stage of growth, an intrinsic tensile stress arises at
the point when high-temperature islands of deposited
GaN begin to coalesce. The strain is inhomogeneously
distributed along the depth and decreases with in-
creasing film thickness within the order of coalescence
thickness. An extrinsic compressive stress, on the
other hand, builds up during the cooling down process
from growth temperature to room temperature due to
the mismatch of the thermal expansion coefficients,
making an important contribution to the observed
compressive stress. On the complete establishment of
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2D growth mode, the compound compressive stress
reaches a maximum as much as —0.89 Gpa at room
temperature. It should be noted that the strain and
stress states are often determined by comparing lat-
tice parameters of strained GaN film with unstrained
ones of bulk GaN. However, the available data of
reference lattice parameters of unstrained GalN are
quite scattered, being not very consistent with each
other, as summarised by Moram.['8] Furthermore,
substantial differences in the GaN lattice parameters

0_
£ —0.21
U
~
w
2 —0.4-
=
w
0.6
S
&
K —0.8 A

~1.0 +— ; . .

0.5 1.0 1.5 2.0 2.5 3.0
Thickness/um

Fig. 7. The in-plane stresses of GaN samples development
with increasing layer thickness.

are presented between bulk and homoepitaxial
GaN prepared by different fabrication techniques. 2%
Therefore, it may make errors during the stress and

strain determination. In comparison, the approach

employed in this study allows us to evaluate specific
values of in-plane stress and unstrained lattice param-
eter simultaneously without limitation of the refer-
ence lattice parameters. Moreover, the approach can
also be applied to evaluate the lattice constant and
stress state in GaN epitaxial films deposited at differ-
ent growth stages, including very thin layers.

4. Summary

In summary, the in-plane grazing incidence XRD
technique has been shown to be a prominent tool for
the investigations of mosaic structure and stress evo-
lution in GaN thin epitaxial films. It provides a more
efficient and convenient approach for directly evaluat-
ing the mosaic twist or the edge-type threading dislo-
cation density in comparison with the extrapolation
methods which is usually employed in out-of-plane
XRD measurement. Absolute determination of the
in-plane lattice parameters of the GaN layers is also
realised. According to the biaxial elasticity theory,
the lattice parameters of unstrained GaN films and
the strain state are determined simultaneously. It is
found that the residual compressive stress increases
with the increase of coalescence thickness of GaN film
and reaches to —0.89 Gpa corresponding to the estab-
lishment of the 2D growth mode.
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