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Undoped ZnO films have been grown on Si wafers by RF-magnetron sputtering and have been
characterized as a function of annealing temperature (Ta ) by employing X-ray diffraction, photoluminescence (PL), and Hall effect measurements. The samples were annealed from 500 to 1000
◦
C for 3 min under an oxygen ambient in a rapid thermal annealing apparatus. The ZnO films
consisted of (100) and (002) polycrystals, and their relative portion changed with varying Ta . After
annealing at Ta ∼ 800 ◦ C, the (100) polycrystals dominantly existed, and the near-band-edge PL
peak was most intense, whilst the n-type character was most weakened. We propose that native
structural defects play a key role in enhancing the n-type character of ZnO films, judging from the
close correlation between the relative intensity of the bound-exciton-related PL lines and the Hall
parameters as a function of Ta .
PACS numbers: 78.55.Et, 78.66.Hf, 73.61.Ga
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I. INTRODUCTION
In the last decade, ZnO has received much attention
in view of optoelectronic device applications in the ultraviolet and the visible ranges due to its prominent properties, such as wide band gap (3.37 eV) and high exciton
binding energy (60 meV) [1–3]. ZnO is also used in a
polycrystalline form for facial powder, piezoelectric devices, varistors, phosphors, and transparent conducting
films [1]. ZnO films can be easily deposited on GaN substrates because GaN has a wurtzite crystal structure and
because the lattice mismatch between the two materials
is only 1.8 % [4]. Despite such excellent properties, it
is difficult to determine the doping type (n or p) of undoped ZnO films by nature due to their native defects or
unintentional H atoms as shallow donor [5–7].
The n-type character of ZnO films can be enhanced
by doping with group-III elements such as Al, Ga and In
[6]. Group-V elements such as N, P, As and Sb have been
tried extensively as p-type dopants, but it has proven difficult to do p-type doping in ZnO only with the GroupV group elements [7]. Recently, efforts have been made
to obtain p-type ZnO by the co-doping of an acceptor
(N) and a donor (Al, Ga) [7–9]. Due to the difficulties
of p-type doping, p-n heterojunction devices have been
studied, but they have intrinsic problems of strain and
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lattice mismatch at the interfaces. Recently, as p-type
doping has become partly successful, a number of studies
on homojunction ZnO devices have been reported [8–10].
On the other hand, the intrinsic properties of ZnO have
also been improved by controlling their preparation conditions [11–13]: for example, p-type conductivity can be
obtained in undoped ZnO by only adjusting the oxygen partial pressure in the sputtering plasma, affecting
the density of the native oxygen defects. These results
suggest that more things have to be done to improve intrinsically ZnO films before doping by adjusting several
preparation conditions.
In this paper, we report systematic studies on annealing behaviors of undoped ZnO films that were fabricated
by RF magnetron sputtering. We investigated their optical and electrical characteristics as functions of annealing temperature, and we will discuss the experimental
results based on possible physical mechanisms.

II. EXPERIMENT
The ZnO powder was sintered at 650 ◦ C for 2 h under
vacuum at a pressure of 3 × 10−6 Torr to make ZnO
sputtering targets. The targets were then mounted in a
RF magnetron sputtering system to deposit ZnO films on
p-type Si (100) substrates. Prior to use, the substrates
were vibrated ultrasonically first in acetone and then in
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Fig. 2. XRD patterns of ZnO films as a function of annealing temperature. The intensities of two XRD peaks representing the (100) and the (002) crystal planes, respectively,
of ZnO are shown in the inset.

Fig. 1. (a) Dependence of room-temperature PL spectra
of ZnO films on annealing temperature. (b) The relative intensities of the near-band-edge (NBE), oxygen vacancy (VO ),
oxygen interstitial (Oi ), and oxygen antisite (OZn ) PL emissions as a function of annealing temperature.

alcohol and finally were rinsed in deionized (DI) water.
After the system had been evacuated to a base pressure
of 3 × 10−6 Torr, the substrates were pre-sputtered at
a power of 50 W for 10 min. The ZnO sputtering was
done for 50 min at a working pressure of 10−3 Torr and
the preparation conditions are as follows: RF power: 70
W, deposition rate: 2 nm/min, and gas mixing ratio of
O2 /Ar: 1/8. Rapid thermal annealing (RTA) was done
in an oxygen ambient at a pressure of 1 Torr by changing
annealing temperature (Ta ) from 500 to 1000 ◦ C for 3
min in steps of 100 ◦ C.
The crystal structure of the ZnO films was investigated by using an X-ray diffractometer, and their thicknesses were measured by using a surface profiler (alpha

step IQ). Photoluminescence (PL) spectroscopy was employed for optical characterization of the ZnO films. The
PL spectra were measured in a closed-cycle refrigerator
by using the 325 nm line of a HeCd laser as the excitation source. Emitted light was collected by using a lens
and were analyzed using a grating monochromator and
a GaAs photomultiplier (PM) tube. Standard lock-in
detection techniques were used to maximize the signalto-noise ratio. The laser power for the PL excitation was
about 3 mW.
Hall-effect measurements were performed in an apparatus (Echopia model HEM-2000) by using the van der
Pauw method. For Ohmic contacts, an In film of 500
µm in diameter was deposited on the ZnO film by using
a shadow mask in a thermal evaporator and was subsequently annealed at 300 ◦ C for 10 min. The intensity of
the B field was 0.37 T, and the current was varied from
0.1 µA to 10 mA. All Hall measurements were done in a
dark room to exclude unwanted ambient light.

III. RESULTS AND DISCUSSION
Figure 1(a) shows the dependence of the roomtemperature PL spectra of ZnO films on the annealing temperature (Ta ). The PL bands at ∼3.3 and ∼2.4
eV are usually attributed to the near-band-edge (NBE)
emission and the oxygen-related deep level (DL), respectively [14,15]. The DL PL band consists of 3 major peaks,
1.62, 2.28 and 2.38 eV, originating from oxygen vacancies (VO ), oxygen interstitials (Oi ), and oxygen antisites
(OZn ), respectively [16]. The relative intensities of the
four PL peaks depend on the annealing temperature as
shown in Figure 1 (b). The intensity of the NBE peak
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Fig. 3. (a) Resistivity, (b) Hall coefficient, (c) electron carrier concentration and (d) Hall mobility as functions of annealing
temperature.

increases from Ta = 500 to 900 ◦ C, but above 900 ◦ C, it
decreases. The VO peak shows almost no change in its
intensity over the full range of Ta , whilst the intensities
of the Oi and the OZn peaks increase above 900 ◦ C.
Figure 2 shows X-ray diffraction (XRD) patterns of
ZnO films as a function of Ta . Two XRD peaks representing (100) and (002) crystal planes [17] are observed
at 2θ = ∼32.7◦ and ∼34.2◦ , respectively, over the full
range of Ta . The annealing behaviors of both peak intensities are summarized in the inset of Figure 2. The
intensity of the (100) peak has a maximum at around Ta
= 800 ◦ C, whilst the intensity of the (002) peak shows
a gradual increase with increasing Ta . These results indicate that after annealing above 500 ◦ C, the ZnO films
consist of polycrystals with two dominant crystal planes
of (100) and (002), as suggested before [18], and that the
relative portion of the crystallites with each orientation
changes with Ta .
Figure 3 (a), (b), (c) and (d) show the resistivity (ρ),
the electron carrier concentration (Ne ), the Hall mobility
(µ), and the Hall coefficient (Rh ), respectively as functions of Ta , which were obtained from the Hall effect
measurements. At around 800 ∼ 900 ◦ C, the ρ, µ and
Ne values are the smallest, and the Rh is the largest
(close to zero), suggesting that the ZnO films are mostly
n-type, except for the temperature range, in which they
are almost neutral. It is noted that the (100) polycrystals are most dominant and that the NBE PL is the
strongest at similar temperatures, as shown in Figure 1
and 2. This indicates that ZnO film becomes less n-type
with its NBE PL being stronger as the portion of (100)
polycrystals increases.
Figure 4 (a) shows ultraviolet PL spectra that are more
detailed because they were measured at 15 K. The PL

lines resolved from the spectra originate mostly from
bound-exciton-related recombinations followed by longitudinal optical (LO) phonon replicas with an energy
separation of 72 meV [19, 20]. The PL peak at 3.363
is widely known to be due to excitons bound to neutral donors (D0 X) [20]. Previously, two interesting PL
peaks (3.332 and 3.312 eV) had been observed at 10 K
in single-crystalline ZnO and had been attributed to excitons bound to structural defects [19]. He et al. also
found a similar PL emission at 3.315 eV and named it
as an A line [21]. In this work, the A line is observed at
3.336 eV after annealing at Ta = 500 ◦ C, and as shown in
Figure 4 (b), it is redshifted to 3.303 eV as Ta increases
from 500 to 1000 ◦ C, possibly resulting from structural
reorientations caused by the annealing. The PL peak at
3.327 eV is observed only after annealing at 1000 ◦ C in
this work. This peak is thought to originate from the
two-electron satellite (TES) transition, which involves
radiative recombination of an exciton bound to a neutral donor, leaving the donor in the excited state [19].
First, second, and third LO phonon replicas of the TES
are also observed at 3.264, 3.197 and 3.128 eV, respectively, as marked in Figure 4 (a).
Figure 4 (c) shows Ta -dependent integrated intensities
of the two dominant PL lines, A and D0 X. Their relative intensities, I(A)/I(D0 X), are minimum at around
800 ◦ C. As reported before [12, 13], ZnO can be an nor a p-type semiconductor even without doping due to
native defects such as oxygen and zinc vacancies. We
propose that the structural defects responsible for the A
line play a key role in enhancing the n-type character of
our samples, which is consistent with the fact that the
ZnO films are almost neutral after annealing at around
800 ◦ C, as shown in Figure 3.
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Fig. 4. (a) Resolved PL spectra at 15 K for the ZnO film annealed at 1000 ◦ C. (b) Annealing-temperature-dependent PL
spectra measured at 15 K. (c) Integrated PL intensities of A and D0 X PL lines, and their ratio as a function of annealing
temperature.

IV. CONCLUSION
X-ray diffraction, PL, and Hall effect measurements
were employed to study annealing behaviors of undoped
ZnO films grown on Si wafers by RF-magnetron sputtering. Annealing was done from 500 to 1000 ◦ C for
3 min under an oxygen ambient in a rapid thermal annealing apparatus. The ZnO films consisted of (100) and
(002) polycrystals, and their relative portion strongly depended on Ta . After annealing at Ta ∼ 800 ◦ C, the (100)
polycrystals were most dominant, and the NBE PL peak
was most strong, whilst the n-type character was most
weakened. We suggest that native structural defects are
responsible for determining the n-type character of ZnO
films, which was confirmed by the close correlation between the relative intensity of the bound-exciton-related
PL lines being dominant at 15 K and the Hall parameters
as a function of Ta .
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