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Abstract The important structural characteristics of
hexagonal GaN in an InGaN/GaN multi quantum well,
which was aimed to make a light emitted diode and was
grown by metalorganic chemical vapor deposition on
c-plain sapphire, are determined by using nondestructive
high-resolution X-ray diffraction in detail. The distorted
GaN layers were described as mosaic crystals characterized
by vertical and lateral coherence lengths, a mean tilt, twist,
screw and edge type threading dislocation densities. The
rocking curves of symmetric (00./) reflections were used to
determine the tilt angle, while the twist angle was an
extrapolated grown w-scan for an asymmetric (hk.[) Bragg
reflection with an & or k£ nonzero. Moreover, it is an
important result that the mosaic structure was analyzed
from a different (10./) crystal direction that was the angular
inclined plane to the z-axis. The mosaic structure param-
eters were obtained in an approximately defined ratio
depending on the inclination or polar angle of the sample.
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1 Introduction

II-nitrides have attracted attention for optoelectronic
device applications whose emission wavelength range
from green to ultraviolet light due to their wide band gap
[1]. Tt is well known that the high-density threading
dislocations (TDs) are easily introduced in GaN buffer
due to the large mismatch of the lattice constants and the
significant difference of the thermal expansion coefficient
between GaN epilayers and sapphire substrates [2].
Therefore, GaN epitaxial films are often grown as mosaic
structural crystals that can be characterized by means of
tilt and twist angles which are related to the high-density
TDs. TDs have significant effects on the performance and
lifetime of GaN-based devices [3, 4]. Since these devices
have recently become available for commercial use,
many groups have studied the homoepitaxial growth to
enhance the reliability of optoelectronic devices by
minimizing the defects or dislocation density of GaN
epilayers [5-9].

The model of mosaic crystals is described by the
structures shown in Fig. 1. The crystal layer that was
formed from mosaic blocks is assumed to consist of single
crystallites. Since the crystallites coherently scatter the
X-rays, their dimensions are called vertical and lateral
coherence lengths. Mosaic blocks are assumed to be
slightly disoriented with respect to each other. The out-of-
plane rotation of the blocks parallel to the surface is the
mosaic tilt, in which the in-plane rotation around the sur-
face normal is the mosaic twist. The average absolute
values of the tilt and twist are directly related with the full
width at half maximum (FWHM) of the corresponding
distributions of the crystallographic orientations [10].
Dislocation densities are correlated to the FWHM values
and are calculated from twist angles [11].
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Fig. 1 Schematic diagram of the @, w, and y scan in a changing
inclination angle. The diagram also shows the structural defect
orientations

Generally, the size of the mosaic spreads can be
evaluated from the peak widths of high resolution X-ray
diffraction (HRXRD), which is characterized by the
FWHM. In a previous study, the general optical and
structural properties of this heterostructure were already
reported [12]. The aim of the present paper is to inves-
tigate if the top InGaN/GaN multi quantum wells
(MQWs) and p-GaN layer can influence the mosaic
structure of the GaN buffer epi-layer. For this purpose,
the detailed examination of the characterizing structural
features (correlation lengths perpendicular and parallel to
the substrate surface, the tilt and twist angles, and het-
erogeneous strain) and dislocation densities (edge and
screw TDs) of the hexagonal epitaxy GaN layer is con-
ducted. The mosaic structure is also analyzed by using a
different crystal direction along those (10./) asymmetric
reflections which are the angular inclined planes to the z-
axis. Such properties are key issues in characterizing the
structural quality of the heterostructures with a large lat-
tice mismatch to the substrate.

2 Experimental procedure

The In,Ga;_,N (x = 0.096) MQW was grown by MOC-
VD on a c-plane (00.1)-faced sapphire substrate with a
30 nm-thick GaN nucleation layer. During the growth, the
reactor pressure was maintained at 200 mbar. Prior to the
growth of MQW, a GaN buffer layer with a thickness of
700 nm was deposited at 1,050 °C and then a n-type
GaN:Si layer of a thickness of 250 nm was grown at
1,090 °C. The sample contains five periods of a 2.2-nm
In,Ga;_,N active layer that was grown on a thin 15.7-nm
GaN grown at 710 °C. The cap layer was capped with a
193.6-nm-thick p-type GaN:Mg that was grown at
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#7 p-GaN ~200 nm 1030°C

#6 InGaN ~2.2 nm 710°C
MQW 5x

#5 GaN ~15.7nm 710°C

#4 n-GaN ~0.25 m 1090°C

#3 HT-GaN Buffer Layer ~0.7 m 1050°C

#2 LT-GaN Nucleation ~0.03 m 500°C

#1 Sapphire Substrate 330 m

Fig. 2 The schematic cross section and growth conditions of the
LED structure

1,030 °C. The schematic drawing of the MQW structure is
shown in Fig. 2. The layer thicknesses and In content were
measured by X-ray reflectivity and high resolution X-ray
techniques in previous study [12]. At x = 0.096 value, a
strong blue emission at 2.86 eV from photoluminescence
spectrum is observed as shown in ref. [12].

The X-ray measurements were carried out on a D-8
Bruker high-resolution diffractometer using CuKo,
(1.540 A) radiation, and a 4-crystaled Ge(220) symmetric
monochromator. Using Si calibration sample, its best res-
olution is 16 arcsec. For the mosaic calculations, we used
the (00.2), (00.4), (00.6), (10.5), (20.4), (12.1), (10.1),
(10.2) and (10.3) reflections. For the in-plane work, a
vacuum holder was used to incline the sample at wide
angles up to 90°. On the analyzed side, the reflected light
passes through the horizontal divergence slit with 0.6 mm
and a height of 8 mm for selecting the CuKo,; radiation
before the wide open scintillation detector.

2.1 Theory of mosaic crystals

The broadening of the symmetric or asymmetric rocking
curves is the results of the tilt and twist angles and the
lateral coherence length parallel to the substrate surface,
as can be seen in Fig. 1. For the symmetric and asym-
metric scans, the incoming and outgoing wave vectors are
within the same z-axis containing scattering plane. In the
case of the symmetric diffraction geometry, the lateral
coherence length and tilt of the mosaic blocks result in
the broadening of the rocking curves perpendicular to the
z-axis [13]. The contribution of the two effects causes a
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linear dependence on the broadening of the reflection
order, which is used to separate the individual contribu-
tions. For this purpose, a Williamson-Hall (W-H) plot
can be used [14], which is a plot of the FWHM of the
rocking curve as a function of the reflections order that is
FWHM(sin 0)/4 plotted against (sin 0)/4 for each reflec-
tion, and the plotted curve is fitted with a straight line.
FWHM is the integral width of the measured profile, 1
and 0 are the X-ray wavelength and incident angle of the
X-rays, respectively. The tilt is then obtained from the
slope of the linear dependence and the lateral coherence
length L; follows from the inverse of the point of inter-
ception with the ordinate.

Another method for lateral coherence length L is based
on the well known pseudo-Voigt function that is provided
in most graphic programs. By easily fitting this function
with rocking curves, the parameter 5 of the least squares
and the integral width f,, of the fit are found and then one
can calculate the lateral coherence length L by formulae
obtained by De Keijser [15]:

0.9/
~ B,,(0.017475 + 1.5004845 — 0.53415612) sin 0

L (1)
For GaN grown along (0001) the plane of sapphire, the

screw and edge type TDs are well known defects and are

determined with the equations shown below [16, 17];

FWHM?, FWHM?

Nycrew = &7 Nedge = % (2)
9bscrew 9b edge

Ndis = Nscrew + Nedge (3)

where Nycrew is the screw dislocation density, Negge is the
edge dislocation density, FWHM is measured by HRXRD
rocking curves, and b is the Burgers vector length
(bscrew = 0.5185 nm; begoe = 0.3189 nm). As it is known,
the tilt range of the lattice planes for wurtzite GaN layers
reflects the content of screw TDs with a Burgers vector
b = [0001], and the twist range of the lattice planes reflects
the content of the edge-type dislocations with a Burgers
vector b = 1/3[1120] [18].

If the edge type TDs are piled up in small angle grain
boundaries, it is also determined by [19, 20]:

FWHM

Netee = S oeaeel Ly

(4)
where FWHM is the omega (w)-scan’s peak broadening of
the asymmetric (12.1) plane, determining twist angle, beqge
is Burger vector of the edge dislocation and L is the
average size of the lateral coherence length. From Eq. 4, it
is clearly showed that this type of edge dislocation leads to
a distribution of the in-plane rotational disorder (twist) of
individual crystallites resulting in a broadening of the
asymmetric m-scans.

3 Results and discussion

Figure 3 shows the symmetric and asymmetric rocking
curves together with the FWHM values for the selected
(00.2), (10.2), (10.1) and (10.5) reflections. They have the
sharp and narrow peaks, which are the evident for the
perfect crystal surfaces of heterostructures. The same
results are also possible to be observed from a Phi scan as
shown in Fig. 5. The FWHMs of w scans are obtained
fitting the pseudo-Voigt 5 function [13] to the rocking
curves. All rocking scans of both the (00.) for [ = 2, 4, and
6 reflections and (hk.l) reflections with either an & or k
nonzero orientation of our sample, exhibit a FWHM of
0.0744°-0.1312°.

In Fig. 3, the HRXRD symmetric (00.2) that is incor-
porated with an asymmetric (10.2) scan is shown as a
reliable technique to characterize the crystal quality of GaN
layers [8]. The defects in the structure of the sample causes
significant broadening in both the symmetric (00.2) and
asymmetric (10.2) rocking curve, which have fitted widths
of 133 and 450 arcsec, respectively. It is noteworthy that
the measured width of the (10.2) rocking curve from the
sample is larger than that of the (00.2) rocking curve. This
broadening of the asymmetric diffractions compared to the
symmetric diffractions is an indicator of a defective
structure with a large pure edge TD content, since the
(00.2) peak is only broadening by screw or mixed TD while
the (10.2) peak is broadened by all of the TDs.

Figure 4 shows the broadened FWHMs of @ scans with
increasing y for the sample. It can be seen in this figure that
the FWHMs of @ scans increase with the increment of .
Moreover, it becomes closer when the (12.1) reflection
yields at 78.6° in y as shown in Fig. 4. In fact, the angle y
reaches 90° i.e., when the reflection plane is perpendicular
to the surface of the sample. Additionally, it is worth
pointing out that the rocking-curve widths of w scans for
this higher y angle are close to the twist angles as shown in
Table 1. Moreover, the twist angle can be obtained from
FWHMs of asymmetric Phi scans versus chi angles. It
gives the same result with 78.6° in y. This result can be
clearly seen in Fig. 4.

The diffraction geometry is shown in Fig. 2 and ® scans
are used to find the azimuth planes. Due to much thinner
layers, it is impossible to realize the reflection in the lattice
plane inclination of 90°. In Fig. 5, we would like to dem-
onstrate that for the wurtzite structure the {12.1}-crystal-
lography planes include 12 similar (12.1) planes. Their
reflection peaks of the @ scan do not repeat at every 30°.
Every group of six-plane peaks, which is composed of low
and high intensities, repeats at every 60° as seen in Fig. 5.
Azimuth peaks with high intensity are perpendicular to the
(12.1) plane but other reflection planes with low intensity
are not perpendicular to (12.1) because these azimuths
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. especially reliable for the best agreement with the values of

0.08 - 2 o 0 0 the tilt angle, lateral coherence lengths and screw type TDs.

% (deg.) However, the edge type TDs were obtained from (12.1) in

Fig. 4 Peak width of w scans for (hk.l) reflections varies with the
inclination angle y for different GaN planes. FWHMs of the @ scan
increase with the increment of the y angle. The line results from a
Quadratic fit of the data

exhibit planes perpendicular to the symmetric (00./) hex-
agonal InGaN layers. However, the FWHMs of ® scans are
equal within these two groups.

In Figs. 6 and 7, the W—H plots are used to calculate the
size of the tilt angle, lateral coherence length, and
TDs from symmetric directions. We suggest that these
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the higher chi value because this plane is affected from
edge dislocation more than asymmetric other planes due to
larger FWHM.

The rocking curve is plotted by rotating the sample on
the w-axis. The lateral correlation length of the mosaic
structure causes the peak broadening of the rocking curves
as shown in Fig. 3. The peak broadening due to tilted
layers is parallel to the drawn w-scan direction and the
peak broadening due to a small lateral correlation length
that is parallel to the surface. The lateral coherence lengths
were calculated with two different techniques. One of them
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Table 1 Structural properties of MQW along all the asymmetric planes and the 10./ (/ = 1, 2, 3 and 5) asymmetric planes

(hk.I) 0.1y AFM Ratio (Xgwe.n/Y(10.0)
Degge (cm™?) (x10°) 6.68 (W-H) 4.74 (W-H) - 1.41
5.28 (Eq. 4) 3.66 (Eq. 4) - 1.44
8.52 (Eq. 2) 3.13 (Eq. 2) - 272
Dierew (cm™2) (x107) 9.32 (Eq. 2) 9.31 (Eq. 2) - 1.00
Dygis (cm™2) (x10%) 8.94 4.77 ~6.00 [12] 1.87
Ly (nm) 623 (W-H) 533 (W-H) - 1.17
789 (Eq. 1) 691 (Eq. 1) - 1.14
L, (nm) 9942 - . _
938 (W-H) - - -
Tilt (°) 0.069 (W-H) 0.063 (W—H) - 1.09
Twist (°) 0.16 - - -
g (1074 1.9 - - -
2.0 (W-H) - - -

x and y show the mosaic values calculated from the (4k./) and (/0.]) crystal directions. DLs were calculated from the averaged value of the edge

type DLs

The notations in parenthesis show the related equations and the Williams—Hall plot

? These values were calculated with the derived equations. They are explained in the text

6 T T T T T
- GaN(12.1) 1 8r ]
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Fig. 5 Phi scan curve of asymmetric GaN (12.1) reflection plane.
Every peak shows azimuths of the (12.1) plane

is the calculation shown in Eq. 1 and the other is 0.94/(2y)
where Yy, is the intersection of the W—H plot as shown in
Fig. 6. Lateral coherence lengths are also obtained from the
(10.0) oriented W-H plot shown in Fig. 7. All of these
values are in good agreement.

In the radial-scan direction of the symmetric reflections,
a vertical coherence length normal to the substrate surface
and a heterogeneous strain along the c-axis causes a
broadening of the Bragg reflections. In the W-H plot,
Pao(cos B)/4 is plotted against (sin 0)/4 for each reflection
and again fitted by a straight line in Fig. 8. From the
y-intersection, y, the correlation length L, can be

(sin@)/A(A™)

Fig. 6 Williamson-Hall plot for symmetric layers. The w — 20
scans were measured for (00.1)

estimated (L; = 0.9/(2yy)) and the strain ¢, is obtained
directly from the slope of the line, which is 4¢,. Addi-
tionally, the vertical coherence length can be given with an
equation found by replacing f3,, and sin 6 with 5,4 and cos
0 in Eq. 1. The vertical coherence length L, and the strain
normal to the substrate surface can be calculated analyti-
cally by linking the lateral coherence lengths to that of the
vertical as L, = Lj x (f20/f,) x tan 0 and also
&1 = (g X PaolP,)/(4 x tan 0) that was derived using the
equations (correction term and heterogeneous strain
equality) in ref. [13]. The L, and ¢, values obtained from
these terms are shown in Table 1 and compared with the
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Fig. 7 Williamson-Hall plot for asymmetric layers. The w — 20
scans were measured for the (/0.l) reflections that are shown in the
figure. The line results from a linear fit of the data
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Fig. 8 Williamson—Hall plot for symmetric layers. Here FWHM is
the peak broadening of 20 scans. The line results from a linear fit of
the data

values found from the W-H curve. The results obtained
from the derived equations are in good agreement with
W-H results.

For the determination of edge and screw dislocation
densities from the strain broadening of asymmetric reflec-
tions, the Eqs. 2, 3, and 4 are used and the obtained values
are given in Table 1. The obtained dislocation values are
consistent in the same order. Table 1 shows the results for
an edge dislocation density of ~10% cm™? and a screw
dislocation density of ~ 107 cm™2 The influence of the
screw dislocation density on the peak broadening is smal-
ler, until it reaches the order of the edge dislocation den-
sity. Therefore, the simulated broadening is very sensitive
only to variations in the edge dislocation density [13].
Then, the edge and screw dislocation densities were added
and the obtained DLs results were compared with the AFM

@ Springer

result taken from the ref. [12]. They are in good agreement
and in the same order as shown in Table 1. In addition, the
dislocation densities of up to 10'° cm™ are common in
GaN-based heterostructures and high efficiency blue light-
emitting diodes (LED) [11]. Here, the dislocation densities
are small. For a good quality LED structure, it is evident
that the tilt and twist angles are very low as shown in
Table 1.

4 Conclusion

The defect structure of InGaN/GaN heterostructures grown
in two-dimensional step-flow mode by MOCVD was
investigated by using HRXRD in detail. From these mea-
surements, the mosaic structure properties, vertical and
lateral coherence lengths, TD densities, the tilt and twist
angles were obtained. For these defect properties, the dif-
ferent directions as (00./) and (10.]) were utilized and
thereby obtained the mean rations among these directions.
This can be considered as a different way to calculate the
defect properties. Lateral coherence lengths and dislocation
densities obtained from both the W-H plot and dislocation
equations are in good agreement and the total disloca-
tion density is compared to that of AFM in same order.
Azimuth peaks of the (12.1) oriented reflections confirm
the good single crystal wurtzite hexagonal structure of the
GaN epilayers. The obtained small tilt and twist angles
show the quality of the LED structure, in which the LED
has good electrical and optical properties. To conclude, the
LED structure with multiple complex layers is very similar
to those of the GaN buffer layer where the optimization of
the buffer layer is crucial for obtaining a high quality LED.
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