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Abstract

The in-plane orientation of epitaxial ZnO thin film on Al2O3(0 0 0 1) was determined by azimuthal scan of X-ray diffraction.

Comprehensive structural characterizations, including the lattice strain in perpendicular direction, the defect density, were obtained

from high resolution X-ray diffraction. It’s found that a 308 rotation in ZnO against Al2O3, resulting in ZnOh1 1 2 0i//
Al2O3h1 0 1 0i, can efficiently reduce the strain and defects in ZnO layer. Consequently, the optical property is significantly

improved.
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1. Introduction

Zinc oxide (ZnO) is a II–VI semiconductor with properties similar to GaN [1]. Like GaN, it has a direct band gap in

the ultraviolet range (�3.3 eV) at room temperature and a stable wurtzite structure. ZnO is therefore another candidate

for optoelectronic applications in the short wavelength range [2–4]. What’s more, ZnO has a higher exciton binding

energy of about 60 meV (28 meV for GaN), which would allow the formation of excitons and efficient excitonic

emission even at room temperature [5,6]. Up to date, the epitaxial ZnO films have been successfully grown on sapphire

substrate by molecular beam epitaxy [6,7], plasma enhanced chemical vapor deposition [8], and metal-organic

chemical vapor deposition [9,10]. Different growth condition and substrate process result in a different in-plane

orientation between ZnO and Al2O3 [11,12]. The polarity of ZnO films with different in-plane orientation has been

studied using coaxial impact collision ion scattering spectroscopy [11,12]. Unfortunately as we know by far, no

systematic work on the behaviours of lattice strain and defects with respect to the in-plane orientationship between

ZnO and Al2O3 has been reported. In the work, the lattice strain, the mosaic structures, and the photoluminescence are

comprehensively compared in epitaxial ZnO films with different in-plane orientation respect to the substrates of

Al2O3.
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2. Experiment

The ZnO samples were prepared on Al2O3(0 0 0 1) substrate by plasma enhanced chemical vapor deposition. X-ray

diffraction measurements were carried out on a Bruker D8 diffractometer system, using four Ge(2 2 0) as the

monochromator. The X-ray source is Cu ka1 with a wavelength of 0.154056 nm. The full width at half maximum

(FWHM) of the rocking curve of Al2O3(0 0 0 6) is 0.0068 that can roughly be taken as the set-up resolution. The

optical properties of films were characterized by photoluminescence (PL) spectroscopy using the 325 nm line of a He–

Cd laser.

3. Results and discussion

3.1. Orientation between ZnO and Al2O3

The in-plane orientation of ZnO film respect to Al2O3 substrate was determined by the f-scan of X-ray diffraction.

Fig. 1. shows the f-scan of ZnO(1 0 1 1) and Al2O3(1 1 2 3). The Al2O3(1 1 2 3) diffraction reveals a six-fold symmetry

as expected. For sample A, ZnO(1 0 1 1) diffraction reveals a six-fold symmetry with an azimuthal shift of 308 respecting

to the Al2O3(1 1 2 3) planes. Therefore in sample A, the in-plane orientation is ZnOh1 0 1 0i//Al2O3h1 0 1 0i. For

sample B, ZnO(1 0 1 1) diffraction reveals a six-fold symmetry at the same azimuthal positions as the Al2O3(1 1 2 3)

planes, that results in the in-plane orientationship of ZnOh1 1 2 0i//Al2O3h1 0 1 0i. While in sample C, the diffraction of

ZnO(1 0 1 1) displays a 12-fold symmetry, indicates the above two phases coexist. Table 1 shows the lattice constants and

corresponding planar spacings of bulk ZnO and Al2O3. The lattice mismatch f, can be calculated as f = (dlayer � dsub)/

dsub, where dlayer and dsub are the planar spacing for ZnO and Al2O3, respectively. For sample B, with the 308 rotation of

the ZnO epilayer against the Al2O3 substrate, the lattice mismatch is reduced from around �32% to +18%.

Accompanying the lattice mismatch reduction, the lattice strain and the defects are expected to reduce efficiently,

consequently the enhancement of optical properties. From the pattern of f-scan, sample B already shows better

crystalline quality than sample A and C. In the following, High resolution X-ray diffraction is used to determine the lattice

constant, and to evaluate the defect density. Photoluminescence is used to compare the optical properties.

3.2. Lattice parameters and elastic strain

The lattice constant of ZnO epilayer in c-direction was calculated from the peak of ZnO (0 0 0 2) diffraction. Fig. 2

representatively shows the 2u � u scan of ZnO(0 0 0 2) and Al2O3(0 0 0 6) for sample B, which indicates that the

wurtzite ZnO is formed with c-axis oriented on Al2O3, and no other growth direction is detectable. The inset shows the
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Fig. 1. XRD F-scans of ZnO(1 0 1 1) and substrate Al2O3(1 1 2 3) of sample A, B, and C. In sample C, two phases of ZnOh1 0 1 0i//Al2O3h1 0 1 0i,
and ZnOh1 1 2 0i//Al2O3h1 0 1 0i coexist.



ZnO(0 0 0 2) peak for different sample. Taking the Al2O3(0 0 0 6) peak as the reference, the Bragg angle of

ZnO(0 0 0 2) can be accurately determined as following, uZnOð0 0 0 2Þ ¼ uAl2O3ð0 0 0 6Þ � Du; uAl2O3ð0 0 0 6Þ ¼ 20:838� is

the theoretical value of the Al2O3(0 0 0 6) Bragg angle, and Du is the Bragg angle difference between ZnO(0 0 0 2)

peak and Al2O3(0 0 0 6) peak in experimental spectrum. According to the Bragg equation, 2d sin u = l, where d is the

lattice spacing, u is the Bragg angle and l is the incident X-ray wavelength, the c lattice constant for ZnO can be

determined.

The strain in perpendicular direction can be calculated by the following equation, e? = ((c � cbulk)/cbulk) � 100%,

where cbulk is the lattice constant of bulk ZnO. The calculated lattice constants and elastic strains are shown in Fig. 3. In

perpendicular direction, the lattices of sample A and C are compressed, while sample B is tensile. Therefore, by

concerning the theory of elastic strain for hexagonal structure, the lattices in parallel direction are tensile and

compressive for sample A and B, respectively, which is agreeable with the lattice mismatch. What’s more, the strain

value in sample B is smaller than that in sample A, which benefits from the smaller lattice mismatch.

3.3. Mosaic spread

Additionally, X-ray diffraction can be used to detect the tilt and twist mosaic spread of the film induced by the

presence of dislocation, and therefore indirectly give the density of dislocations. Several approaches are proposed to

determine the in-plane mosaic structure, the so-called twist angle [13–15]. In this work, the approach combining f-

scan and v-scan of asymmetric planes was adopted [15]. For sample A and B, the rocking curves and f-scans of a

series of planes of (1 0 1 1), (1 0 1 2) (1 0 1 3) and (1 0 1 5), were carried out at symmetric skew mode. Fig. 4a shows

the representative f-scan and v-scan. The FWHM of X-ray diffraction peak was determined by fitting to a Pseudo-

Voight function. Fig. 4b shows the dependence of FWHM on the lattice inclination angle. FWHMs of f-scans decrease
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Table 1

Lattice parameter and interplanar spacing for ZnO and Al2O3 (in nm)

Material ZnO Al2O3

Lattice parameter

a 0.3250 0.4758

c 0.5205 0.12991

Interplanar spacing

(1 0 1 0) 0.2815 0.4120

(1 1 2 0) 0.1625 0.2379

Fig. 2. Symmetric 2u � u scan of the ZnO (0 0 0 2) and Al2O3 (0 0 0 6) diffraction (sample B). Inset shows the ZnO(0 0 0 2) peaks where the peak

position is shifted for different sample.
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Fig. 3. Residual elastic strain (%) in perpendicular direction of samples A, B, and C.

Fig. 4. (a) Representative F-scan and v-scan. (b) FWHM of F-scan and v-scan in skew symmetric mode as a function of the lattice inclination

angle. The lattice plane is (1 0 1 l) with l = 5, 3, 2, and 1, respectively, with increasing inclination angle.



with the increment of x angle, while those of v-scans increase. The average of the FWHMs of (1 0 1 1) f-scan and v-

scan is taken as an approximation of the twist angle. According to Ref. [16], the rocking curve of (0 0 0 2) can be

related to the density of screw threading dislocations, while the twist angle corresponds to the density of edge

threading dislocations. The dislocation density of ZnO epilayer can be estimated by the following equations [17].

Dscrew ¼ b2
tilt=9b2

screw, Dedge ¼ b2
twist=9b2

edge, and total dislocation density D = Dscrew + Dedge where b is the tilt or twist

spread and b is the Burger vector length (for ZnO bscrew = h0 0 0 1i = 0.5205 nm, and bedge = (1/

3)h1 1 2 0i = 0.3250 nm). The calculated dislocation density is listed in Table 2. For sample C, the coexisting of

two phase heavily degrades the crystalline quality, so that the mentioned above measurements cannot be reached. In

sample B, the in-plane defects are significantly reduced compared with sample A. Noting that the rocking curve of

(0 0 0 2) of sample A is even thinner than that of sample B, it can be explained by considering that rocking curve of

(0002) cannot be used to evaluate the material quality with respect to the optical and electrical properties [16,18].

3.4. Photoluminescence

In the photoluminescence spectra of GaN epilayer on Al2O3, the parasitic yellow band (around 500–600 nm) is

attributed to the dislocation defects [19–21]. The ratio of the peak intensities of the bandgap-to-yellow luminescence is

taken as a merit of the material quality. Fig. 5 shows the photoluminescence from the ZnO epilayer at room

temperature. The dominant peaks pointing at 377 nm (3.29 eV) correspond to the near-band-gap emission in a wurtzite

ZnO crystal. The intensity from sample B is roughly twice of sample A, and five times of sample C. The very broad

peak around 530 nm (2.35 eV) is the so-called yellow band. The intensity ratios of the near-band-gap to the yellow

band are approximately 7, 26 and 4.4 for sample A, B and C, respectively, which strongly indicates sample B has the

best optical quality.

4. Concolusion

In a conclusion, ZnO thin films were epitaxially grown on Al2O3(0001). The in-plane orientation between ZnO and

Al2O3 can be ZnOh1 0 1 0i//Al2O3h1 0 1 0i, or ZnOh1 1 2 0i//Al2O3h1 0 1 0i, or the above two phases coexisting. In-
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Table 2

Defect density in ZnO sample

Sample Tilt spread (8) Dscrew (cm�2) Twist spread (8) Dedge (cm�2) Dtotal (cm�2)

A 0.55 3.8 � 109 2.1 1.4 � 1011 1.4 � 1011

B 0.66 5.4 � 109 0.92 2.7 � 1010 2.8 � 1010

Fig. 5. Room temperature PL spectra of ZnO samples. R is intensity ratio of the near-band-gap to the yellow band, and w is the FWHM of near-band-

gap emission.



plane orientation of ZnOh1 1 2 0i//Al2O3h1 0 1 0i results in a 308 rotation of the ZnO epilayer against the Al2O3

substrate, which reduces the lattice mismatch from �32% to 18%. As a beneficial result, the residual strain and the

structural defects are greatly reduced. Consequently, the optical quality is significantly enhanced.
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