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To evaluate the influence of film thickness on the structural, electrical, and
optical properties of Al-doped ZnO (AZO) films, a set of polycrystalline AZO
samples with different thickness were deposited on glass substrates by ion-
beam sputtering deposition (IBSD). X-ray diffraction (XRD), atomic force
microscopy (AFM), energy-dispersive x-ray spectroscopy (EDS), four-point
probe measurements, and spectrophotometry were used to characterize the
films. XRD showed that all the AZO films had preferred c-axis orientation. The
Zn0O (110) peak appeared, and the intensity increased, with increasing
thickness. All the samples exhibited compressive intrinsic stresses. AFM
showed that the grain size along with the root-mean-square (RMS) roughness
increased with increasing thickness. The decrease of resistivity is due to the
corresponding change in grain size, surface morphology, and chemical com-
position. The average optical transmittance of the AZO films was over 80%,
and a sharp fundamental absorption edge with red-shifting was observed in
the visible region. The optical band gap decreased from 3.95 eV to 3.80 eV
when the AZO film thickness increased from 100 nm to 500 nm.

Key words: Al-doped ZnO, ion-beam sputtering, microstructure, electrical

and optical properties

INTRODUCTION

Zinc oxide (ZnO)-based material is one of the most
interesting transparent conducting oxides (TCOs).
It is a potential substitute for indium tin oxide (ITO)
in all corresponding applications, such as plasma
displays, liquid-crystal displays, transparent con-
ducting films for solar cells, and other optoelectronic
devices. Pure or Al-doped ZnO (AZO) films have
been considered as possible transparent conducting
materials since they present high conductivity, good
optical transmittance, and low-cost fabrication.'™®
For the preparation of AZO films, various tech-
niques have been employed, such as magnetron
sputtering,>® thermal evaporation,” pulsed laser
deposition (PLD),’° chemical vapor deposition
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(CVD),!! molecular-beam epitaxy (MBE),? sol gel,*?
and spray pyrolysis.'* However, little attention has
been devoted to AZO films prepared by ion-beam
sputtering deposition (IBSD). Compared with those
techniques, IBSD has several advantages such as
excellent stoichiometry transfer of the target mate-
rial, good uniformity, and simple setup required for
film formation. In addition, IBSD can be realized at
lower vacuum pressure. Thus, optimization of AZO
film properties by IBSD could be expected. Seong
et al.'® reported the influence of substrate temper-
ature on AZO properties. Film thickness also has
considerable effects on its structural, electrical, and
optical properties. Tanaka et al.lé reported the
electrical properties and atomic force microscopy
(AFM) analysis of AZO films prepared by PLD from
200 nm to 1000 nm thick. Tadatsugu et al.'”
reported that the resistivity of AZO films was very
unstable below about 50 nm. Dong et al.'° reported



the effect of thickness on the properties of AZO
films, and the results demonstrated that the struc-
tural, optical, and electrical properties could be
optimized with a thickness above 120 nm. In this
work, the effects of thickness (from 100 nm to
500 nm) on the structural, surface morphology,
electrical, and optical properties of AZO films pre-
pared by IBSD were investigated.

EXPERIMENTAL PROCEDURES

AZO thin films were prepared on BK7 glass
substrates by ion-beam sputtering. A 110 mm x
110 mm x 3 mm square-shaped ceramic target of
ZnO0 (99.9% purity) mixed with 2 wt.% Al;03 (99.9%
purity) was employed. Before sputtering, the vac-
uum chamber was evacuated to base pressure of
4.0 x 10 * Pa. High-purity (99.99%) Ar (6 sccm)
was introduced, and deposition was carried out at
working pressure of 3.0 x 1072 Pa after presput-
tering for about 20 min to remove contaminants
from the surface of the target. The substrate tem-
perature was fixed to be about 200°C; more details
on sample preparation are given in Table 1.

The thickness of the AZO films was measured
using a DEKTAK 150 profilometer. The micro-
structure of AZO films was investigated by x-ray
diffraction (XRD) (ax5-D8-ADVANCE, BRUKER)
using Cu K, radiation (A = 0.15406 nm). The chemi-
cal composition of the AZO films was determined by
using an energy-dispersive x-ray microanalysis
system (EDS). The surface morphology and root-
mean-square (RMS) surface roughness were char-
acterized using an atomic force microscopy (AFM,
CSPM5500) in contact mode. The electrical sheet
resistance R, was determined using the four-point
probe method, and the resistivity p was obtained
using p = R, where d is the film thickness. Optical
transmittance was obtained by ultraviolet (UV)/
visible/near-infrared  (NIR)  spectrophotometry
(Lambda 900, PerkinElmer).

RESULTS AND DISCUSSION
Structure and Surface Morphology

Figure 1 shows x-ray diffraction (XRD) patterns
of the AZO films deposited on BK7 glass substrates.
The film thickness is from 100 nm to 500 nm. The

Table I. The ion-beam sputtering parameters used
for preparing AZO thin films

Voltage Current Plasma
(4% (A) Energy (keV)
Screen - - 1.3
Anode 80 0.2 -
Acceleration 250 0.01 -
Cathode 10 12 -
Beam - 0.02 -
Neutral - 3.5 -
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Fig. 1. XRD patterns of AZO thin films with different thickness.

broad peak around 26° is due to the amorphous
nature of the glass substrate. All the AZO films with
different thickness showed a strong (002) peak at 20
near 34°. No peaks related to metallic Zn or Al;O5
were observed. The diffraction patterns show that
the deposited AZO films exhibit a hexagonal struc-
ture, which indicates that the replacement of Zn**
(ionic radius ~0.74 A) with Al?* ions (~0.51 A) does
not change the hexagonal wurtzite structure.
In fact, ZnO (002) peaks are the preferred orienta-
tion when the thickness is 100 nm and 200 nm with
no trace of ZnO (110) peak. The ZnO (110) peak
appears, and the intensity increases, with increas-
ing thickness. This experimental result is similar to
our latest report.'®

Figure 2 shows the variations of ZnO (002) dif-
fraction angle with increasing thickness. The ZnO
(002) peaks are located at 20 = 33.67°, 33.52°,
33.38°, 33.42°, and 33.48°, respectively. The (002)
diffraction peak shifts towards lower angles as
compared with standard data (20 = 34.43°), which
implies that the c-axis lattice constant is expanded.
This also suggests the existence of residual stress in
the AZO films. This stress may result from the lin-
ear expansion coefficient difference between the
AZO thin film and the glass substrate, or come from
defects, such as O vacancies (Vp), Zn interstitials
(izn), Al interstitials (ia1), etc. It is reported that the
strain induced by the linear expansion coefficient
mismatch between the film and the glass substrate
is not the major origin of the (002) diffraction angle
variations.'® The strain in the c-axis could be
expressed by the formula

d—dp

&= 4o D

where d and d, are the strained and unstrained
lattice coefficient, respectively. The lattice coeffi-
cient could be calculated according to the Bragg

formula and the peak positions in the XRD patterns.
The calculated d-spacing for all the samples is
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Fig. 2. The diffraction angle of the ZnO (002) peak and the
d-spacing of the ZnO (002) plane as a function of film thickness.
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Fig. 3. Calculated stress in the ZnO as a function of film thickness.

shown in Fig. 2. The undoped ZnO thin films were
prepared using the ion-beam sputtering method,
and the corresponding unstressed lattice parameter
do (2.6286 A) is found to be higher than that
(2.6035 A)* of bulk ZnO materials of similar com-
p0s1t10n which is similar to the result of Wang
et al.?! The residual stress calculation is based on
the b1ax1a1 strain model, and the following formula
is used:*?

_ 2c3; — css(c11 + c12) d—do
2c13 do

(2

for the elastic constants c;; of single-crystal ZnO, the
following values were used: ci; = 208.8 GPa, c33 =
213.8 GPa, c¢q5 = 119.7 GPa, and ¢35 = 104.2 GPa.?*
The calculated intrinsic stress for different thick-
nesses is shown in Fig. 3. The negative sign indi-
cates that the stress of all AZO films is compressive.
The compressive stress is about 2737 MPa at
thickness of 100 nm, and 3809 MPa at 200 nm. The
stress increases to about 4898 MPa at 290 nm and
then decreases to 4074 MPa at 500 nm. The evolu-
tion of stress as a function of thickness is similar to
the data in the literature.?®> Smaller AlI** substitut-
ing for Zn?* is believed to shrink the ZnO lattice and

reduce the magnitude of the stress. However,
there is more interstitial AI** in ZnO. This results
in the lattice constant expansion and the genera-
tion of stress. Increasing the thickness, within a
suitable range, increases the transfer ability of
surface atoms, which leads to accelerated crystalli-
zation of AZO films via small grain aggregation.
Consequently, reduction of structural defects
was achieved, and relaxation of the AZO films is
observed.

AFM images of all the samples are shown in
Fig. 4. The images indicate that the grain size
increases with increasing thickness. In the AFM
image of AZO film with 100 nm thickness, some
small grains are found occas1onally Dong et al.l
reported that the crystal grains become distinct
with thickness changing from 56 nm to 120 nm and
that the morphology of 580-nm-thick films changed
from hillocky to cratered. In the AFM images of
420-nm- and 500-nm-thick films, larger grains are
found, but some voids also appear. This suggests
that the diffusion and transfer ability of surface
atoms are improved with increasing thickness,
which leads to accelerated crystallization of AZO
films and hence the enhancement of surface
roughness. The root-mean-square (RMS) roughness
obtained from AFM measurement is shown in
Fig. 5. In addition, the RMS roughness of the sub-
strate is 0.16 nm. As seen in Fig. 5, AZO films of
100 nm thickness show a smooth surface with RMS
of 1.41 nm. The RMS roughness gradually increases
from 1.41 nm to 3.42 nm as the film thickness
increases from 100 nm to 500 nm. The increase of
roughness with increasing thickness mainly results
from the corresponding change in grain size.

Film Composition

The chemical composition of the AZO films was
analyzed by EDS spectroscopy. The detection limit
of quantitative analysis is ~0.5 at.% for EDS, which
is applicable to our cases. The atomic percentage
(Cy) of the element in the matrix is given by

(Sala)
> Sili’

where S5 and 14 are the EDS sensitivity factor and
the integral count of element A, respectively. For
AZO film, i = 3 is the number of elements present,
including Zn, O, and Al. Figure 6 shows the com-
position of AZO films with different thickness. The
amount of Al is about 7.8 at.%, while the amount of
Zn is 30.9 at.% and the amount of O is 61.3 at.% at
thickness of 100 nm. With increasing thickness, the
Al content is up to 11.7 at.% and the amount of O
decreases to 37.0 at.%.

Cy = 3)

Electrical Properties

Figure 7 shows the resistivity as a function of film
thickness for the AZO films. The electrical resistivity
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Fig. 4. AFM images (contact mode) of the AZO films with different thickness.
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Fig. 5. RMS roughness of the AZO films as a function of film thick-
ness.
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Fig. 6. Chemical composition of AZO films with different thickness.

decreases significantly with increasing thick-
ness. As the thickness increases to 420 nm, the
resistivity reaches a minimum value and then
slightly increases over 420 nm. From these results,
it can be seen that the film resistivity depends on
the film thickness. This might be associated with
different grain size, morphology, and chemical
composition of AZO thin films. Improved crystal-
linity can be achieved with increasing thickness, as
shown in Fig. 4. The AZO films of 420 nm and
500 nm thickness contained larger grains, but some
voids appeared in 500-nm-thick AZO, which may be
induced by continuous atom bombardment with
high sputtering energy. Thus, the 420-nm-thick
AZO films with the minimum resistivitgf value are
reasonable, similar to reported results.“>?® Gener-
ally, grain boundaries have a large effect on the
electrical properties. Indeed, increase of grain size
and improvement of crystallinity will lead to
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Fig. 7. Electrical resistivity of AZO films with different thickness.

decrease of grain boundaries and defects in the
films, thus resulting in lower resistivity.

Optical Properties

Figure 8a shows the transmission spectra of the
AZO thin films. The loss due to the glass substrate
was removed during the measurement. The average
transmittance of samples over visible wavelengths
decreases from 85% to 80% with increasing thick-
ness. The position and shape of the absorption edge
depend on the film thickness. All the films exhibit a
sharp absorption edge due to the direct transition of
electrons from the valence band to the conduction
band. A fall-off for wavelengths shorter than
332 nm is observed. Reported values for the sharp
absorption edge are about 330 nm,*?? 50 nm,?° and
380 nm.?* Compared with these, the band gap of
ZnO thin films is broadened in our work. In Fig. 8b,
it can be found that the absorption edge shifts to
longer wavelength (red-shifts) as the thickness
increases from 100 nm to 500 nm. In a direct-band-
gap semiconductor, the optical absorption coefficient
(o) and the optical energy band gap (&) are related
to each other by®®

a(hv) = C(hv — Eg)Y?, (4)

where C is a constant for direct transition, and Av is
the photon energy. From this relation, the optical
energy band gap (E,) is obtained by extrapolating
the linear part of the spectrum (whv)® =f(hv) to
zero. As shown in Fig. 8c, the optical band gaps of
AZO films decrease from 3.95 eV to 3.80 eV, which
indicates a red-shift with increasing thickness. It is
larger than those reported by Dong et al. (3.86 eV to
3.94 eV),*° Yang et al. (3.75 eV to 3.86 eV),?? and
Ma et al. (3.78 €V).?° The band gap energy of AZO
films deposited with any thickness is larger than
that of bulk ZnO (3.37 eV). Compared with intrinsic
ZnO films, the contribution of substitutional A1**
ions and interstitial Al atoms determines the band
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gap widening caused by the increase of carrier
concentration, which can be explained by the
Burstein—Moss shift.?!

CONCLUSIONS

AZ0 films were deposited by IBSD on BK7 glass
substrates. The influence of thickness on the prop-
erties of AZO films was investigated. All films

Liang, Fan, Cai, Zhang, and Zheng

showed a preferred c-axis orientation, but the (002)
peak of the AZO films shifted to lower angles,
compared with ZnO films. The ZnO (110) peak
appeared, and the intensity increased, with increas-
ing thickness, indicating that the crystalline quality
of the films was improved. All the samples exhibited
compressive stress. AFM images showed that the
grain size and surface RMS roughness are obviously
influenced by the AZO film thickness. The grain size
along with the RMS roughness increased with
increasing thickness. Accordingly, it is found that
AZO films with thickness of 420 nm have the lowest
electrical resistivity, which might be attributed to
the change in grain size, surface morphology, com-
position, etc. The optical transmittance of AZO films
was over 80% in the visible region, and red-shift of
the optical absorption edge was observed. The opti-
cal band gap decreased from 3.95 eV to 3.80 eV with
increasing thickness from 100 nm to 500 nm. In
conclusion, IBSD can also be a suitable technique
for fabricating high-quality AZO thin films.
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