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Abstract

We have characterized dislocations in ZnO layers grown on c-sapphire (o-Al,O3) by
plasma-assisted molecular-beam epitaxy (P-MBE) with and without MgO buffer layer.
ZnO without MgO buffer was grown three-dimensionally (3D), while ZnO with MgO
buffer was grown two-dimensionally (2D). Mosaic spread (tilt and twist angles) and type
and density of dislocations in the layers were studied both by high-resolution X-ray
diffraction (HRXRD) and transmission electron microscopy (TEM). HRXRD
experiments reveal that screw dislocation densities in the ZnO layer are 8.1x10° cm™
and 6,1x10° cm?, for ZnO with and without MgO buffer, respectively, while edge
dislocation densities are 1.1x10"°cm™ and 1,3x10° cm™, for ZnO with and without MgO
buffer, respectively. HRXRD and TEM data showed the same result that the major
dislocations in the ZnO layers are edge type dislocations running along c-axis. Therefore,
HRXRD technique can be applied to characterize dislocations in ZnO layers.
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1. Introduction

ZnO is a direct band energy gap semiconductor (Eg=3.37 eV at RT) with a wurtzite
structure. The most outstanding feature of ZnO is its large exciton binding energy, 60
meV, which is about three times larger than that of ZnSe and of GaN. Recent reports on
the lasing mechanisms of ZnO have shown that ZnO is a promising photonic material for
exciton devices in the wavelength ranging from blue to ultraviolet [1-3].

Because of its low cost, large size, and high quality, c-sapphire has been
extensively used as substrate for ZnO epitaxy. The greatest disadvantages of ZnO epitaxy
on c-sapphire are the large lattice misfits (18%) and thermal mismatch (13%) between
ZnO and c-sapphire and the formation of 30°-rotated domains [4]. Consequently, ZnO
layers grown on c-sapphire showed a rough surface morphology and poor crystalline

quality [4].

In order to overcome the problems caused by the large mismatch between ZnO and
c-sapphire substrate, insertion of a buffer layer material which can reduce lattice misfit
between ZnO and c-sapphire seems to be a key to obtain high quality ZnO. The growth of
double buffer layers consisting of low temperature (LT)-MgO buffer and LT-ZnO buffer
followed by a high temperature (HT) annealing has been utilized with success by P-MBE



[5]. Here, the highly mismatched heterointerface of ZnO/a-Al,O3 (18%) is broken up
into two much more slightly mismatched interfaces of ZnO/MgO (9%) and MgO/a-
Al,O3 (8%) by inserting a MgO layer, which eventually leads to surface adhesion and
lateral epitaxial growth. In the present paper, we investigate detailed structural quality of
ZnO layers grown on c-sapphire with and without MgO buffer layer.

TEM and HRXRD are greatly powerful tools that are utilized in this study. Here,
HRXRD has been used to assess the crystal quality of heteroepitaxial layers including tilt
and twist angle, and dislocation densities. While two-beam TEM has been used to
determine types, density and distribution of dislocation. Tilt and twist angle, and hence
dislocation densities, can be evaluated by a series of HRXRD measurements [6-8].

2. Experiment

ZnO layers were grown on c-sapphire by P-MBE either with or without MgO buffer.
The substrates were degreased in acetone and methanol in ultrasonic cleaner and then
chemically etched in a H,SO4 (96%): H3PO,4 (85%)= 3:1 solutions for 15 minutes at 160
°C. Prior to growth, the substrates were thermally cleaned at 750 °C in the preparation
chamber for 1 hour. The substrates were then treated in oxygen plasma at 650 °C for 30
minutes in the growth chamber to produce an oxygen terminated c- sapphire surface.
Oxygen flow rate and plasma power were set to 2.5 sccm and 300 W, respectively. The
sample structure was as follows. Firslty, a LT-ZnO buffer was grown at 490 °C on
thermally cleaned c-sapphire followed by annealing at 750 °C for 3 min. Then, HT-ZnO
was grown at 700 °C. In case of ZnO with MgO buffer, LT-MgO buffer was grown at
490 °C followed by LT-ZnO at 490 °C. The thickness of ZnO layers was 450 nm. The
whole growth process were monitored by in-situ RHEED. Structural characterization
were carried out by HRXRD and cross-sectional TEM. HRXRD experiments were
carried out with a Phillips X’Pert MRD diffractometer. TEM experiments were carried
out by JEOL JEM 2000 EX-11 operated at 200 kV.

3. Results and discussion

Surface morphology

Figure 1 shows RHEED patterns and the corresponding top view AFM images of
ZnO layers (a) without and (b) with MgO buffer. ZnO without MgO buffer shows spotty
RHEED patterns, indicating 3D growth mode, while ZnO with MgO buffer shows
streaky and specular spot RHEED patterns, indicating 2D growth mode. AFM images
shows that faceted crystallites with near triangular shape characterize the morphology of
ZnO layer without MgO buffer (Fig. 1(a)). Such a surface usually corresponds to the 3D
growth mode. In the contrast, the surface of ZnO layer with MgO buffer (Fig. 1 (b)) is
atomic flat. Hexagonal islands composed by terrace dominate the surface. This indicate
2D-growth mode. The rms values of surface roughness at 1 um? scan area are 13 nm and
less than 1 nm for ZnO layer grown without and with MgO buffer, respectively.



(b)

Figure 1. RHEED patterns and corresponding AFM images of ZnO layers grown on c-sapphire
(a) without and (b) with MgO buffer. The 10 mm x 10 mm scan area is given in the
inset.

Structural quality addressed by HRXRD
In order to address the defect structures of wurtzite ZnO by HRXRD, 0002 Q-

and 1011 ®- and Q- rocking curves measurements were performed. Note that the

broadening of 0002 Q- and 1011 @- rocking curves represent lattice disordering along the
growth direction (out of plane) and in-plane disordering, respectively. Figure 2 provides a

comparison of (a) 0002 Q2 and (b) 10110 rocking curves of ZnO layers grown with and
without MgO buffer. FWHM values of 0002 Q scans are 565 arcsec and 18 arcsec, for

ZnO grown without and with MgO buffer, respectively. FWHM values of 1011C) scan are
1346 arcsec and 1076 arcsec, for ZnO films grown without and with MgO buffer,
respectively. It should be noted here that FWHM of the 0002 Q2 scan was greatly reduced
by employing an MgO buffer layer. This directly indicates a small tilt in the c-plane
because of the extreme ordering along the growth direction of ZnO(0001) as a
consequence of well-controlled layer-by-layer epitaxial growth. Significant broadening of

the 1011 reflection as compared to the 0002 is an indicative of the presence of high edge
dislocation density. Note that all type of dislocations (edge, screw, and mixed) broaden
the 1011 reflection, whereas the 0002 reflection is only sensitive to screw and mixed type

of dislocations. Furthermore, the FWHM value of the 1011 Q scan of the ZnO grown
with MgO buffer is smaller than that without MgO, indicating a much lower edge
dislocation density.
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Figure 2. Comparison of (a) 00022 and (b) lOi'I. Q scans of a ZnO layer grown without (dotted curve)

and with (solid curve) MgO buffer.

Mosaic spreads (tilt and twist angles)

Mosaic crystals can be characterized by means of tilt and twist angles and average
size of the mosaic blocks. The tilt describes the out-of-plane rotation of the blocks and
the twist describes the in-plane rotation. Figure 2 shows the typical Williamson-Hall (W-
H) plots for ZnO samples with and without MgO buffer. W-H plot with a linier fit is
performed using full width at half maximum (FWHM) of (0002), (0004), (0006) € scans,
where “FWHM x sin(0)/1” is plotted against “sin(0)/A” in order to determine a tilt angle
[8-10]. Here 6 is a diffraction angle and A is a wavelength of CuK,, (0.154056 nm). In the
W-H plots, a tilt angle is the slope of the fitted line [8]. From Fig. 2, the tilt angles are
determined to be 0.1541° and 0.0056° for the ZnO samples without and with MgO buffer,

respectively.
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Figure 2. Williamson-Hall plots for a ZnO layer on c-sapphire (a) with and (b) without MgO buffer.
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In order to determine the twist angle, FWHMs of (0002), (10-13), (10-12), (10-
11), (30-32) Q scans are plotted as a function of the inclination angles. Figures 3(a) and
3(b) show the plots for ZnO layers without and with MgO buffer, respectively. A twist
angle of the samples is determined by estimating the FWHM at an inclination angle of
90° by extrapolation [7]. The dotted curve in Fig. 3 are guiding the eye to the extrapolated
FWHM. From Fig. 3, the twist angles are determined to be 0.4387° and 0.4108 °, for ZnO
without and with MgO buffer, respectively.

060002 10-13 10-12 10-11 30-32 ) Euuuz 10-13 1012 10-11 30-32
3 ZnOJ/AlLLO (@) ZnOIMgOIALO {b)
a 0.5 2 3 - 0.5 2 3 -
[}
= { =
(3] o4 e
> 04 e N
- :
- 0.3
D o3 . E‘
= .
= . E 0.2
o
E 02
s m ) - ¢ i .
= o1} Twist angle: T Twist angle:
0.0 " -
= 0.4387 degree | 0.4108 degree
D'OO llO 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 90 o o 1‘0 2‘0 alu 4‘0 slo slo 7‘0 alu a0
Angle of inclination, ¥ (degree) Angle of inclination, ¥ {degree)

Figure 3. FWHMs of (hkl) Q rocking curve for reflections (marked at upper x-axis) as a function
of inclination angle ‘¥’ of the reflecting lattice planes with respect to the sample surface.
(@) ZnO/a-Al,03 and (b) ZnO/MgO/AlLOs.

Types and densities of dislocations accessed by HRXRD

From the determined tilt and twist angles, <0001> screw and 1/3<11-20> edge
dislocations densities are evaluated. Dislocation densities are determined using formalism
by Ayers [11], which has been successfully used to determine the dislocation densities in
GaN epilayers on sapphire [8,9]. In this formalism, Gaussian shape rocking curve and
Gaussian distribution of the orientations of the mosaics are assumed. Dislocation density
d is determined using equation of d = &#/(4.35b%), where « is the mosaic angle and b is
the Burgers vector.For the screw dislocation density, the tilt angle and the Burgers vector
of <0001> are used, while the twist angle and the Burgers vector of 1/3<11-20> are used
for the edge dislocation density.From the determined tilt angle, screw dislocation
densities are determined to be 6.1x10° cm™ and 8.1x10° cm™, for ZnO without and with
MgO buffer, respectively. We note that the screw dislocation density of ZnO is greatly
reduced, about three-order of magnitude, by employing a MgO buffer. From the
determined twist angles, edge dislocations densities are determined to be 1.3x10* cm™
and 1.1x10* cm? for ZnO without and with MgO buffer, respectively. The edge
dislocation density is slightly reduced by employing a MgO buffer. Low screw
dislocation density in ZnO layer with MgO buffer implies well ordering in the growth
direction while the high edge dislocation density means high disordering in the c-plane.
The high edge dislocation density is caused by high in plane lattice misfit between ZnO
layer and MgO buffer. Table 1 summarizes tilt and twist angles, and dislocation densities
determined by HRXRD and TEM.



Table 1. Tilt and twist angle and dislocation densities.

Parameter ZnO without ZnO with
MgO buffer MgO Buffer
Tilt angle (degree) 0.1541 0.0056
Twist angle (degree) 0.4387 0.4108
<0001> screw dislocation (cm™) 6.1 x 10° 8.1x10°
<11-20> edge dislocation (cm™) 1.3x10% 1.1x 10%
TEM: Dislocations density (cm™) 6 x 10™° 2 x 10

Types and densities of dislocations accessed by TEM

Types of dislocation in the ZnO samples were characterized by cross-sectional
TEM under two-beam condition, as shown in Figure 4. The samples were observed near
the [2-1-10] zone axis axis with diffraction vectors g = [0006] (Fig. 4(a) and Fig.
4(c)) and g = [03-30] (Fig 4(b) and Fig. 4(d)). By invisibility criterion, screw-type
dislocations should be visible under g = 0006 and invisible under g = 03-30. In the
contrast, edge-type-dislocations should be invisible under g = 0006 and visible under g =
03-30. Mixed-type dislocations should be visible under both of the g vectors. By
averaging several pictures, for ZnO layer with MgO buffer, threading dislocations were
roughly distributed as 31% of screw-type (Burgers vectors b = [0001]), 61% of edge-type
(Burgers vectors b = 1/3<11-20>), and 8% of mixed-type (Burgers vectors b = 1/3<11-
23>) dislocations. For ZnO with MgO buffer, threading dislocations were distributed as
98% of edge-type and 2% of screw-type and mixed type dislocations. Here, major
threading dislocations running along c-axis are edge-type dislocation with Burgers vector
of 1/3<11-20> in both the samples. Comparison of Fig. 4(a) and Fig. 4(c) reveals that the
screw dislocations are greatly reduced by introducing the MgO buffer. From plane-view
TEM images(data are not shown here), Total dislocation densities were was determined
to be 6x10™ cm? and 2x10" cm?, for ZnO layers without and with MgO buffer,
respectively.

Figure 4 shows another important fact. At the interface region, a high density of
interfacial threading dislocations was observed. Surprisingly, the dislocation density
rapidly decreases beyond 20 nm. Furthermore, by increasing layer thickness the
density of threading dislocation in ZnO with MgO buffer decrease faster than that of
without MgO buffer. It can only be understood if these threading dislocations are not
along the c-axis so that they strongly interact with each other and annihilated quickly
[12]. Since favorable dislocation in MgO with fcc lattice is not along c-axis, much
stronger interaction between dislocations might be introduced when ZnO initially
nucleated on a MgO which lead to reduce dislocation density. Furthermore, lattice misfit
between ZnO and MgO (9%) is smaller than between ZnO and c-sapphire (18%).
Therefore, the density of interfacial defect in ZnO with MgO buffer is smaller that that of
without MgO buffer.
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Figure 4. Two beam bright-field cross-sectional electron micrographs of the ZnO/a.-Al,O5and
ZnO/MgOla-Al, O, near the [2-1-10] zone axis with g = 0006 ((a) and (c)) and g = 03-30
((b) and (d)).

4. Conclusions

We have studied dislocations in ZnO layers grown on o-Al,0; by P-MBE with and
without MgO buffer layer. Mosaic spread (tilt and twist angles), type and density of
dislocations in layers were characterized by high-resolution X-ray diffraction (HRXRD)
and the results were compared with Transmission electron microscopy (TEM) data.
Screw dislocation densities in ZnO layer determined by HRXRD are 8.1x108cm®  and
6,1x10° cm? , for ZnO with and without MgO buffer, respectively, while edge
dislocation densities in ZnO layer are 1.1x10*°cm™ and 1,3x10° cm™, for ZnO with and
without MgO buffer, respectively. HRXRD and TEM data showed the same results that
the major dislocations in the ZnO layers are edge type dislocations running along c-axis.
Those values of dislocation densities are agree with TEM data. Therefore, HRXRD
technique can be applied for dislocations characterization of ZnO layers.
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