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Abstract Undoped and Al-doped (1.6%) ZnO films were
prepared on (0001) sapphire and fused silica substrates
using a pulsed laser deposition technique. The ZnO films
on sapphire substrates were epitaxially grown, while the
ZnO films on fused silica substrates were texturally grown.
The films on sapphire substrates were ordered along the in-
plane direction and had grains in which the c-axis was well
aligned normal to the substrate. However, the films on
fused silica were randomly oriented along the in-plane
direction and had poor c-axial aligned grains. The structure
analyses showed that the epitaxial ZnO films had low-angle
grain boundaries, while the textured polycrystalline ZnO
films had high-angle tilt and twist grain boundaries. The
nature of the grain boundaries influenced the electrical and
optical properties of the undoped and Al-doped ZnO films.
Resistivity, Hall mobility, carrier concentration, and near
band edge emission of the films were measured at room
temperature and discussed in connection with the nature of
grain boundaries.
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1 Introduction

Zinc oxide (ZnO) is an interesting material for optoelec-
tronic devices because of its direct wide band gap (3.3 eV),
the strongest bond strength within the II–VI semiconductor
family, and a very large exciton binding energy of 60 meV
[1]. Therefore, characterization of the electrical and optical
properties of the ZnO film is important and has been
studied previously [2–5]. ZnO is an n-type semiconductor
due to intrinsic defects such as oxygen vacancies and zinc
interstitials. In particular, the heavily doped ZnO film with
a carrier concentration of approximately 1020 cm−3 has
been investigated for use as a transparent conduction oxide
(TCO) [6].

Al-doped ZnO thin films, among heavily doped ZnO
thin films prepared by various depositional techniques,
have attracted considerable interest because of their low
resistivity and high transmittance in the visible region [6–
8]. Among the various methods, pulsed laser deposition
(PLD) is a process with advantages of high quality
crystalline and epitaxial growth over other techniques [9,
10]. The electrical properties of as-deposited Al-doped ZnO
thin films grown on sapphire and fused silica substrates
by PLD have been previously reported [11, 12]. However,
most studies have focused on the electrical and optical
properties of the as-deposited films, while little attention
has been paid to thermal stability. The electrical properties
after air annealing should be investigated, since the
thermal stability of TCO is essential for real devices in
which process accompanies air annealing [13].

In this study, undoped ZnO and Al-doped ZnO thin films
were prepared by PLD on (0001) sapphire and fused silica
substrates. The structure of the films on each substrate was
studied, and the thermal stability of electrical properties
after air annealing at 450 °C was investigated in connection
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with the nature of grain boundaries. In addition, the
photoluminescence of each film was investigated at room
temperature.

2 Experimental procedure

ZnO and Al-doped (1.6%) ZnO targets were made through
a conventional power mixed method using ZnO (99.99%)
and Al2O3 (99.99%) powders. The undoped and Al-doped
ZnO films were grown on fused silica and (0001) sapphire
substrates using a pulsed laser deposition technique with
a KrF laser (l=248 nm). The substrates were kept at a
temperature of 400 °C, during deposition, which was
performed under 100 mTorr of pure oxygen. The deposited
films were cooled to room temperature with a cooling rate
of 10 °C/min. The distance between the target and the
substrate was 5 cm, the deposition rate was 3 Hz, and the
energy density was 2 J/cm2.

The structural analyses such as θ–2θ scan, rocking curve,
and pole figure of the films were done by X-ray diffraction
(XRD; X’Pert Phillips XRD system, Cu target). Resistivity,
Hall mobility, and the carrier concentration of the films
were measured at room temperature in a van der Pauw
configuration by Hall measurement. Surface roughness of
the films was measured using atomic force microscopy
(AFM). Photoluminescence was excited by a 325-nm He–
Cd laser and measured at room temperature.

3 Results and discussion

The θ–2θ XRD spectra of the as-deposited and air-annealed
undoped ZnO (ZnO) and Al-doped ZnO (AZO) thin films
grown on (0001) sapphire and fused silica substrates are
shown in Fig. 1. All films had no secondary phase and were
highly (002)-oriented irrespective of substrate. Figure 2
shows the pole figures measured at (103) plane for the as-
deposited films on sapphire and fused silica substrates. The
pole figure of the ZnO and AZO films on sapphire substrate
shows six equivalent peaks, indicating that the films were
ordered within a planar direction. However, the ZnO and
AZO films grown on fused silica did not have six peaks,
but formed a circle. The films on fused silica substrate were
not ordered within the plane. These results, combined with
the θ–2θ XRD spectrum, indicate that the films on sapphire
and fused silica were epitaxial and textured polycrystalline
films, respectively. In order to estimate a degree of grain
ordering in out of plane, we measured the rocking curves
of the films for the (002) peak. The measured values of
the full-width at half maximum (FWHM) of the rocking
curve are summarized in Table 1. The FWHM of the
rocking curve indicates the angle of the c-axis for ZnO

films compared to the normal direction of the substrate. A
lower FWHM value means a more parallel c-axis relative
to the direction of the substrate normal in ZnO film. In
Table 1, the FWHM of the films on sapphire substrate
is ∼0.9–1.2 degrees, but that on fused silica is ∼4.06.7
degrees. The films on the fused silica substrate had a
larger FWHM of the rocking curve for c-axis than that of
epitaxial films on the sapphire substrate. Figure 3 is a
schematic diagram describing the grain arrangement of the
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Fig. 1 XRD spectrum of undoped and Al-doped ZnO films on
sapphire (red line) and fused silica (blue line) before and after the air
annealing
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Fig. 2 Pole figure of undoped and Al-doped ZnO films on sapphire
and fused silica
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thin ZnO and AZO films on sapphire and fused silica
substrates from the results of the above pole figure and
rocking curve. Figure 3 shows that the textured polycrys-
talline films on fused silica had high-angle twist and tilt
grain boundaries, while the epitaxial films on sapphire had
low-angle grain boundaries. In addition, it could be
concluded from the results in Table 1 that air annealing
influenced only the crystal structure of the polycrystalline
ZnO and AZO films on fused silica substrate, while that of
the epitaxial films on the sapphire substrate was nearly
unchanged after air annealing.

Figure 4 shows the resistivity, mobility, and carrier
concentration of the as-deposited and air annealed ZnO and
AZO films. The resistivity of as-deposited ZnO films on
sapphire and fused silica substrates were 2.30×10−2 and
3.71×10−2 Ω cm, respectively. The difference in the
resistivity between epitaxial and polycrystalline ZnO films
was attributed to their mobility. The mobility of the epitaxial
ZnO films was higher, 53 cm2/V-S, than that, 33 cm2/V-S,
of the polycrystalline ZnO film, although the carrier
concentrations of both films were equal, 5.2×1018 cm−3.
Grain boundary density and surface roughness were similar
between the epitaxial and polycrystalline ZnO or AZO films
according to AFM analysis (not shown here). Therefore,
the difference in mobility might be attributed to the high-

angle grain boundary. In general, the mobility of ZnO is
a function of carrier concentration [14]. However, another
variable factor on mobility exists because the carrier
concentration of two films was identical. M. Brikholz et al.
insisted that high-angle grain boundaries in textured poly-
crystalline ZnO films have a larger density of electronic
defects and of active scattering centers for charge carriers
than low-angle grain boundaries [15]. According to their
suggestion, the low mobility of the polycrystalline ZnO
film could be explained by the high-angle grain boundaries
in the film.

The air-annealed epitaxial and polycrystalline ZnO films
had high resistivity values, 8.03×10−1 and 1.50×102 Ω cm,
respectively. The remarkable difference in resistivity be-
tween the air annealed epitaxial and polycrystalline ZnO
films was due mainly to the carrier concentration of the
epitaxial and polycrystalline ZnO films, 5.9×1017 and 1.4×
1016 cm−3, respectively. Undoped ZnO is an n-type
semiconductor due to intrinsic defects, such as oxygen
vacancies and zinc interstitials, which acted as donors [16,
17]. The air annealing process compensated for such
defects so that the carrier concentration decreased. The
reason why the carrier concentration of the polycrystalline
ZnO film decreased more than that of the epitaxial ZnO

Table 1 FWHM of rocking curves of the ZnO and AZO films on
sapphire (Sap.) and fused silica (FS) substrates before and after air
annealing

As-deposited films Air annealed films

ZnO/Sap. 1.0 0.9
ZnO/FS 5.5 4.0
AZO/Sap. 1.1 1.2
AZO/FS 6.7 6.1 10-4
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Fig. 4 Resistivity, Hall mobility, and carrier concentration of the ZnO
and AZO films on sapphire (Sap.) and fused silica (FS) substrates
before and after the air annealing

a
b

c

plane view

cross-sectional view

(a) Film grown on sapphire (b) Film grown on fused silica

a
b

a
b

cc

plane view

cross-sectional view

(a) Film grown on sapphire (b) Film grown on fused silica

Fig. 3 Schematic diagram about arrangement of grains in the ZnO
and AZO films on (a) sapphire and (b) fused silica substrates
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film was not clear. However, there was a significant dif-
ference in the FWHM of rocking curves between epitaxial
and polycrystalline ZnO films, as shown in Table 1. As
mentioned above, the polycrystalline ZnO film had high-
angle twist and tilt grain boundaries. The intrinsic defects
in ZnO film diffused to the grain boundaries during air
annealing. The diffused intrinsic defects might be favorably
compensated at a high-angle grain boundary by oxygen atoms
compared to the low-angle grain boundary in the epitaxial
film.

Al-doped ZnO (AZO) is an extrinsic n-type semicon-
ductor. The extra electrons introduced, when an Al atom is
substituted for a Zn atom by Eq. 1, are dominant carriers in
the AZO film [18].

Al2O3
ZnO��������! 2Al�Zn þ 2O�

o þ 1

2
O2 gð Þ þ 2e0 ð1Þ

As shown in Fig. 1, the Al atoms in epitaxial and
polycrystalline AZO films were well doped without any
secondary phase. In addition, both films have a high carrier
concentration of 1.9×1020 and 1.7×1020 Ω cm, indicating
that Al atoms were adequately accommodated in the ZnO
matrix. Although the epitaxial and polycrystalline AZO
films had different grain boundaries, the as-deposited films
showed nearly identical electrical properties in Fig. 4. We
inferred from the similar carrier concentrations in the two
films that the doping of Al atoms into ZnO was not
influenced by the formation of high- or low-angle grain
boundaries during film growth. The mobilities of the epitaxial
and the polycrystalline AZO films were also similar; 45 and
43 cm2/V-S, respectively. When ZnO films have high carrier
concentrations, it is commonly accepted that the mobility of
polycrystalline ZnO films is limited mainly by intra-grain
scattering, while grain boundary scattering is less effective
[15]. V. Bhosle et al. also reported that mobility can be
understood by electrical transport through a potential barrier
(ΦB) at grain boundaries in polycrystalline Ga-doped ZnO
films [19]. They reported that the barrier height, ΦB, and
carrier concentration, n, are related by Eq. 2

6B ¼ eQ2

8"r"0n
ð2Þ

where Q is the electric charge trapped at the grain
boundaries, εr is the relative dielectric constant, and εr is
permittivity at vacuum. In addition, the activated mobility, μ,
is represented by Eq. 3

μ ¼ μ0 exp � 6B

kT

� �
ð3Þ

where μ0 is characteristic mobility.
According to Eqs. 2 and 3, the barrier height decreases

with increased carrier concentration, and the barrier height
becomes negligible above a critical value. From the above

discussion, it was inferred that the scattering by high-angle
grain boundaries in the polycrystalline AZO film was
negligible at the carrier concentration used, 1.9×1020 cm−3.
Therefore, mobilities of the as-deposited epitaxial and
polycrystalline AZO films were almost identical, and the
resistivity of both films was also similar, although the two
films had different grain boundaries.

However, air-annealed AZO films showed a difference
in resistivity between the epitaxial and polycrystalline
films. This difference was attributed to the difference in
mobility between the epitaxial AZO films, 15 cm2/V-S, and
polycrystalline AZO films, 5.7 cm2/V-S, as shown in Fig. 4.
As mentioned above, the role of the grain boundaries was
important to electrical transport at low carrier concentra-
tions in the polycrystalline semiconductor. In particular, the
barrier height at the high-angle grain boundaries was not
negligible at the low carrier concentration used because
the high-angle grain boundaries had a larger density of
electronic defects and active scattering centers for charge
carriers than low-angle grain boundaries. It was also interest-
ing that the air annealed AZO films had nearly identical
carrier concentrations in contrast to the ZnO films. The
difference between the AZO and ZnO films was attributed to
a source of dominant electrons for the n-type semiconductor.
While the Al atoms substituted for Zn atoms played a
dominant role in the formation of an extrinsic n-type
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Fig. 5 Photoluminescence of the (a) ZnO and (b) AZO films on
sapphire (Sap.) and fused silica (FS) substrates before and after the air
annealing
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semiconductor in the AZO films, the intrinsic defects, such
as oxygen vacancies and zinc interstitials, were dominant
factors for the formation of the intrinsic n-type semiconductor
in ZnO films. During air annealing, the intrinsic defects
would readily diffuse to the grain boundary compared to the
Al atom bound to oxygen in the AZO film. Because the
intrinsic defects were not dominant dopants in AZO films,
the compensation of the intrinsic defects, such as oxygen
vacancies and zinc interstitials, might not result in different
carrier concentrations between high- and low-angle grain
boundaries.

Figure 5 shows the near band edge (NBE) emission in
photoluminescence spectra of the ZnO and AZO films at
room temperature. While the as-deposited epitaxial ZnO
film showed NBE emission with a high intensity at 3.28 eV,
the as-deposited polycrystalline ZnO films showed lower
NBE emission intensities and red shifting. Both the as-
deposited epitaxial and polycrystalline AZO films had a
broad NBE emission at 3.47 eV due to a Stokes shift
caused by the random distribution of doping impurities
[20]. The NBE emission of the air-annealed epitaxial film
was not changed, but the NBE emission was improved in
the polycrystalline case. This observation was due to the
alignment of the polycrystalline ZnO film with the c-axis
during air annealing, but the epitaxial ZnO films were
almost constant. Both of the air-annealed AZO films had a
NBE emission peak with low intensity at 3.30 eV. A non-
radiative transition trap center in the AZO films would be
introduced during air annealing irrespective of grain
boundaries. A study in the introduced non-radiative
transition trap center is in progress.

4 Conclusion

Undoped and Al-doped (1.6%) ZnO thin films were grown
on (0001) sapphire and fused silica substrates using a pulsed
laser deposition technique. Thin ZnO films were grown
epitaxially with a low-angle grain boundary on a sapphire
substrate, while they exhibited a polycrystalline nature with a
textured structure on a fused silica substrate. The high-angle
grain boundaries favorably offer sites for the compensation
of intrinsic defects, such as oxygen vacancies and zinc
interstitials, during air annealing compared to the low angle

grain boundaries. The near band edge emissions in AZO
films show that non-radiative transition trap centers are
introduced in the AZO films irrespective of grain boundaries.
Differences in compensational behaviors between intrinsic
and extrinsic defects in AZO films at low- and high-angle
grain boundaries during air annealing is a foundational result
for the study of the thermal stability of ZnO-related TCO.
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