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Oxygen diffusion in zinc-oxide thin films prepared by pulsed-laser 
deposition
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Oxygen isotopic heterostructural zinc-oxide thin films, i.e., Zn16O/Zn18O/Zn16O, were synthesized. Pulsed-laser deposition was 
used to deposit the films. First, only 18O2 gas was leaked into the deposition chamber, then 16O-enriched ZnO thin film was 
deposited, and after this 18O-enriched layer was obtained using 18O radicals as a source of isotopes. Finally, the 16O-enriched 
layer was deposited by turning off the radical source. The resulting thin films were annealed at various diffusion-annealing tem-
peratures. The change in 18O-diffusion profiles due to annealing was evaluated with secondary ion mass spectrometry (SIMS). 
The diffusion coefficients were slightly higher near the interface between the thin film and the substrate (inner region) than 
those near the surface (outer region). The dependencies of oxide ion diffusion on temperature for the outer and inner regions are

expressed as and .

The activation energy is concluded  to consist of the enthalpy of the oxygen migration and the oxygen vacancy formation, com-
paring the present data with the reported theoretical results.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction
Zinc oxide (ZnO) is a functional metal oxide useful in many 

optical and electronic applications due to its unique properties.1)

It offers many possibilities when used in thin-film technology, 
i.e., as a semiconducting,2) photoconducting,3) piezoelectric4),5)

and optical waveguide material.6),7) Its properties in these appli-
cations are generally influenced by the point-defect structure. 
The electrical conductivity or photoconductivity changes due to 
the level of carrier density that is governed by donor concentra-
tion and oxygen defects. Various methods have been applied to 
characterize the point-defect structure. Electron paramagnetic 
resonance (ESR) is very useful for accomplishing this purpose.8)

Positron annihilation spectroscopy (PAS) has also been applied 
to characterize the point-defect structure.9) However, these meth-
ods have their limitations. For example, PAS requires relatively 
large crystals.

We are presently studying diffusion properties that are closely 
related to point-defect structures. We have already reported oxy-
gen diffusion behavior and discussed the oxygen-defect structure 
in bulk ZnO.10) Oxygen diffusion is usually measured with a gas-
solid exchange technique.11) If it is applied to volatile materials 
such as ZnO, their evaporation affects the oxygen-diffusion pro-
files.12) Hence, the vaporization rate has to be accurately 
obtained. Measuring the vaporization rate for thin films is 
fraught with difficulties, because it depends on surface defects, 
texture, or impurities that differ from material to material. To 
avoid this, we have proposed use of yttrium stabilized zirconia 

(YSZ) single crystal as the substrate.13) Because YSZ is a supe-
rionic conductor of oxide ions, the oxide ions back diffuse from 
the substrate toward the ZnO thin films. However, this method 
can only be applied to ZnO thin films on a superionic conductor 
of oxide ions.

It has recently been reported that an isotopic heterostructure 
was applied to measuring diffusion coefficients in GaN, which 
is also a volatile material.14),15) Because it provides diffusion 
profiles inside thin films, the effects of evaporation can be elim-
inated. We applied an isotopic heterostructure in the present 
study to obtain the diffusion coefficients of oxide ions in ZnO 
thin films. An oxygen radical source was used to prepare the 
oxygen heterostructure, Zn16O/Zn18O/Zn16O. This method of 
deposition was introduced in the present study to successfully 
obtain an oxygen isotopic heterostructure. The diffusion behav-
ior of oxide ions and oxygen-defect structure are also discussed 
in this paper.

2. Experimental procedure
The isotopic heterostructured ZnO thin film was grown by 

using pulsed-laser deposition (PLD) (Pascal Co., Ltd.).16)

The polycrystalline ZnO target was synthesized with a con-
ventional ceramic method. ZnO powder (5N-grade, Kojundo 
Chemical Laboratory Co., Ltd.) was compacted into a disk-
shaped pellet with a diameter of 20 mm and a thickness of 5 mm 
under a uniaxial pressure of 20 MPa. The pellet was sintered at 
1323 K for 2 h in air. The sintered body was above 99% of the 
theoretical density, and was polished by using a diamond slurry 
to produce a mirrored face. It was used as the PLD target after 
it had been cleaned with ethanol and acetone in an ultrasonic 
bath. α-Al2O3 single crystals with a mirror-polished a-face 
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(Kyocera Co., Ltd.) were used as substrates17) for PLD.
The fourth harmonic generation (FHG) of an Nd:YAG laser 

(Quantel, Brilliant B, λ = 266 nm) was employed and the ZnO 
target ceramics were irradiated at 5 Hz. Various growth temper-
atures for the film were maintained. The vacuum chamber for 
deposition was evacuated to a base pressure of 1.0 × 10–6 Pa 
before the film was grown. During film growth, the distance 
between the substrate and target ceramics was 50 mm, and the 
pressure of the 18O2 (isotopic purity 99%, Taiyo Nippon Sanso) 
atmosphere was maintained at 2.4 × 10–3 Pa. When the isotope 
oxygen gas 18O2 was supplied to the substrate through a radical 
gun, we applied two experimental conditions to control the con-
centration of the oxygen isotopes. The first was that the power 
of the radio frequency (RF) of the radical source was turned off. 
The second was that the radical source RF power (300 W) was 
turned on to supply 18O radicals into the growth chamber. During 
applying the radical source, we checked spectra of the lumines-
cence from the plasma of radical source. In addition, the ionized 
oxygen was removed with an electrostatic deflector. The film-
growth conditions are listed in Table 1.

The crystallinity of the film was characterized with an X-ray 
diffraction system (XRD, X’Pert Pro MRD, Philips) that had a 
Kα1 monochrometer. The crystal structure was identified from
2θ–θ measurements. The degree of orientation was characterized 
by omega-scan measurements around the 002-diffraction peak of 
the ZnO. The surface morphologies were evaluated by atomic 
force microscopy (AFM) in the dynamic force mode. The optical 
properties were characterized by using transmissivity and photo-
luminescence.

The oxygen isotopic concentrations were analyzed by second-
ary ion mass spectrometry (SIMS) using a double-focusing mass 
spectrometer (CAMECA ims 4f.11) The Cs+ ions were employed 
as primary ions with 10 keV of acceleration energy. The primary 
ion current was maintained at approximately 5 nA. The scanning 
area we analyzed was 125-μm square. The secondary ions we 
analyzed were negative, i.e., 16O– and 18O–. In these experiments 
involving analysis, the mass resolution power, M/ΔM, of the 
SIMS was maintained above 2000 to eliminate interference from 
the H2O mass spectrum. The analyzed crater depths were mea-
sured with a contact-mode surface profiler (Dektak 3030).

The dependencies of the secondary ion intensities on time 
were converted to depth dependencies, assuming that the sput-
tering rate by the primary ion beam was constant during SIMS 
analysis. The error of depth due to this assumption was less than 
a few percent, according to the preliminary experimental results. 
The 18O isotope concentration was obtained from the secondary 
ion intensities as

. (1)

3. Results and discussion
Figure 1 shows the results of structural analysis by XRD in 

the 2θ–ω mode. We can see the thin film has a single phase with 
a wurtzite structure. Fons et al. claimed17) that ZnO thin film 
grew on an a-plane sapphire with an oriented c-axis, which was 
what we obtained in our results. The full width at half maximum 
(FWHM) of 2θ or ω-scans are listed in Table 2. The FWHM of 
2θ in Sample-5 was smaller than that in Samples-3 and 4. We 
considered this difference to be dependent on the film thickness.

Figure 2 is an AFM image of the surface of the film. Accord-

Table 1. Growth Conditions for Thin Films

Sample

Laser
Irradiation
Frequency

(Hz)

Radical
condition

Growth
rate

(nm/s)

Film
thickness

(nm)
Atmosphere

1 10 OFF 0.17 2500 18O2

2 5 ON 0.05 750 18O2

3 5 OFF 0.04 200 16O2

4 5 ON 0.04 200 16O2

5 5 OFF–ON–OFF 0.04 400 18O2

C
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I O I O
18 O =

( )
( ) + ( )

18

16 18

Fig. 1. XRD pattern of as-deposited heterostructual thin film. Only 
(00n) family peaks appeared.

Table 2. Structural Data for Thin Films

Sample
Arithmetic
roughness
Ra (nm)

FWHM of
2θ (deg)

FWHM of
ω–scan
(deg)

3 0.6 0.127 0.27

4 0.4 0.122 0.24

5 0.4 0.094 0.21

Fig. 2. AFM image of film surface grown with 18O2/18O*/18O2. “18O2” 
means that 18O was only introduced in 18O2 gas state. 18O* means irradi-
ated with 18O radical state.
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ing to the results obtained from AFM measurements, Samples-3 
and 4 had a grain size of 300 nm, whereas that of Sample-5 was 
about 500 nm. The film thickness was believed to be the main 
factor that controlled the grain size of the samples deposited at 
the same temperature. The AFM image shows hexagonal grains 
due to the c-face of the wurtzite structure being exposed. The 
roughness of the films is listed in Table 2 and this is under 1% 
of the total thickness.

Figure 3 plots the depth profile of 18O ions in as-deposited 
samples. An oxygen isotopic heterostructure was successfully 
obtained. Because oxygen radicals are very active, it is easy for 
them to be replaced by oxide ions in the lattice, and consequently 
18O concentration only increases during radical irradiation. A 
detail discussion on the growth mechanism is to be published.18)

Although we fabricated an oxygen isotopic heterostructure, its 
profile seems a little broad. The reasons for this broadening may 
be oxide-ion diffusion during the deposition process or the 
roughness of the sample. From the SIMS analysis standpoint, 
both mechanisms gave a kind of broadening with an “error 
function” shape. Assuming the shape was an error function, the 
estimated distribution is plotted by the solid line in Fig. 3. There 
were discrepancies between the observed and the estimated 
values. It is likely that 18O ions penetrated along structural 
defects like those in dislocations or grain boundaries.

The dependence of the 18O depth profiles on temperature are 
plotted in Fig. 4. Diffusional broadening can clearly be observed, 
and its degree increases with increasing temperature. Another 
characteristic behavior is that this broadening is asymmetric, i.e., 
the degree of broadening is larger on the inner side near the inter-
face between the substrate (inner region after this) and the thin 
film than on the outer side near the surface (outer region). This 
means that the inner region has a larger diffusion coefficient than 
that of the outer.

The 18O-enriched layer in the present study was considered to 
form an internal slab for a diffusion equation. Under this condi-
tion, we can apply a slab solution to the diffusion equation as19)

,

(2)

where C is the oxygen 18O-isotope concentration at depth x after 
diffusion duration t, and Cb is the concentration of 18O in the 16O-
enriched layers and C0 is that in the 18O-enliched slab. The term, 
h, corresponds to the half width of the 18O-enliched slab, and x0

to the center position of the slab from the surface. Using this 
equation, we can obtain the diffusion coefficient of the 18O iso-
tope tracer in the thin film. A correction factor, k due to the initial 
distribution should be introduced in the fitting procedure. Using 
the initial 18O distribution in Fig. 3 and Eq. (2) where t = 0, i.e.,
Dt = 0, k was estimated to be 2.2 × 10–13(cm2).

Figure 5 plots typical fitting results, using Eq. (2) in which 
we assumed that diffusion behavior was divided into two, the 
first for the outer region near the sample surface and the second 
for the inner. As we can see from the figure, the outer region has 
a diffusion coefficient of 2.1 × 10–16 cm2/s, and the inner one of 
8.3 × 10–16 cm2/s, which is four times larger than the outer. This 
tendency was found at all diffusion-annealing temperatures.

Figure 6 plots the resulting diffusion coefficients in the 
isotopic heterostructure ZnO thin films as a function of the 
diffusion-annealing temperature. The dependence of 18O diffu-
sion coefficients on temperature in the outer and inner regions 
are expressed as       

Fig. 3. 18O distribution in as-deposited oxygen isotopic heterostruc-
tural thin film. Closed circles represent observed values. Solid line repre-
sents calculated values for estimating “error functions” behavior. 
Observed values agree rather well with those calculated near central 
region of 18O-enriched slab, but discrepancies can be observed at foot of 
slab due to some defects in solidity or roughness of sample.
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Fig. 4. Effect of diffusion-annealing temperature on 18O depth profiles. 
Broadening of 18O distribution in 18O-enriched slab increases with 
diffusion-annealing temperature. Asymmetric broadening is observed, 
i.e., degree of broadening is larger near interface between substrate and 
thin film (inner region) than near surface (outer region).

Fig. 5. Typical results for fitting procedure, using Eq. (2). Pair of diffu-
sion coefficients obtained from inner region has higher diffusion coeffi-
cients (8.3 × 10–16 cm2/s) than that from outer region (2.1 × 10–16 cm2/s).
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and (3)

.

(4)

Studies on oxygen diffusion are generally carried out with the 
gas-solid exchange technique.11) For volatile materials, such as 
ZnO, the evaporation rate should be accurate to obtain oxygen 
diffusion coefficients using the depth profile of the tracer 18O in 
solids.12) However, it is almost impossible to estimate the evap-
oration rate, because this strongly depends on bulk defects, sur-
face defects, texture, and composition, which vary from sample 
to sample. Hence, we proposed a methodology of obtaining oxy-
gen diffusion coefficients; i.e., by using a back diffusion profile 
from the substrate.13) Yttrium stabilized zirconia (YSZ) has been 
applied as a substrate because it is a superionic conductor of 
oxide ions in this method. The resulting diffusion coefficients for 
this measuring methodology are also plotted in Fig. 6 with the 
open circles, where YSZ was used as the substrate. Although the 
diffusion coefficients for back diffusion overlap the present 
results, the back diffusion data are widely scattered. To obtain 
accurate diffusion characteristics, the present method with the 
internal 18O-enriched slab is a vastly better than that with back 
diffusion from the substrate.

Tomlins et al. reported the diffusivity of oxide ions in single 
crystals.20) According to their results, the diffusivities in the c-
direction varied from one sample tested by the 3M Corporation 
to another tested by the University of Erlangen–Nürnberg as

and (5)

.

(6)

All data are summarized in Fig. 7 and we can see that our 
results are in good agreement with their diffusion data. Our acti-
vation energies of 397 kJ/mol for the outer region and 346 kJ/mol 
for the inner are close to that of 366 kJ/mol for the single crystal 
from the University of Erlangen–Nürnberg. Tomlins et al. claimed 
that a higher activation energy (ΔHhigh) was related to the intrinsic 
behavior of oxide-ion diffusion; it consisted of the Schottky for-
mation enthalpy, ΔHs, and the migration enthalpy of oxide ions, 
ΔHm. Lattice dynamics calculations of ΔHs of 284 kJ/mol have 
been reported by Mackrodt et al.21) and 340 kJ/mol by Binks.22)

The estimated ΔHm has also been reported as 124 kJ/mol.22)

According to theoretical studies, ΔHhigh should be in a range from 
408 to 464 kJ/mol. Our activation energies of ΔHouter = 397 kJ/mol 
and ΔHinner = 346 kJ/mol are in agreement with the theoretical 
values within the margin of experimental error. If ΔHouter and 
ΔHinner correspond to the sum of ΔHm and ΔHs, the diffusion 
coefficients should take the same values in the temperature range 
for intrinsic behavior. In actuality, this varies from one sample to 
another, and oxygen diffusivity therefore seems to be extrinsic. 
Tomlins et al. explained20) that this discrepancy resulted from the 
transition between intrinsic and extrinsic behaviors. However, 
they could not explain the existence of crossed temperature 
dependencies, as seen in Fig. 7.

Zinc oxide should be treated as a typical oxide semiconductor. 
Janoti and Van de Walle recently reported a first-principles cal-
culation for point defects in ZnO.23) They obviously approached 
this issue in respect to semiconductors. According to their 
results, ΔHm was calculated to be 164 kJ/mol. They claimed that 
the vacancy formation enthalpy of Vo••, ΔHf, decreases with the 
Fermi-energy position. If the Fermi-energy position lies midway 
in the band gap between the conduction and valence bands, i.e., 
the activation energy of oxide ions, ΔHdiffusion = ΔHm + ΔHf can 
be estimated to be 453 kJ/mol, which decreases with the Fermi-
energy position. Their treatment of diffusion can lead to varia-
tions in the activation energy and the diffusion coefficient of 

Fig. 6. Arrhenius plots for diffusion coefficients. Closed squares repre-
sent observed values in outer region. Closed circles represent those in 
inner region. Solid line plots dependence of oxide-ion diffusion in the 
outer region on temperature and dashed line plots that of inner (Eqs. (3) 
and (4)). Open circles represent data for method with back diffusion from 
YSZ substrate (Ref. 13).
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Fig. 7. Comparison of present data with those from single crystals 
(Ref. 20). While oxide-ion-diffusion coefficients generally agree, results 
for single crystal have different activation energies.
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oxide ions from sample to sample. Hence, some of the chemical 
potential is considered to differ between the inner and outer 
regions. While the Fermi-energy position is a candidate for the 
origin of the chemical potential, there are other candidates, e.g., 
residual stress from the lattice mismatch between the ZnO thin 
film and substrate; this effect is more serious in the inner posi-
tion.

Figure 8 compares the diffusion coefficients of oxide ions in 
various thin films.16),24) The doped samples have higher diffusiv-
ities than our nondoped sample. Although the dopant has the 
same valence of Zn2+, e.g., Mg, oxygen diffusivity increases. 
Although the difference in the electrical structure of the doped 
thin films not only seems to explain the dopant effect, another 
reason should also be considered, e.g., the chemical pressure in 
the solid-solution system. Further investigations are required to 
clarify the dopant effect.

4. Conclusion
Pulsed-laser deposition was applied to synthesize the oxygen 

isotopic heterostructure of thin films of zinc oxide (ZnO). 18O 
gas was introduced into the deposition chamber to fabricate 18O-
enriched thin films. When the 18O gas was leaked, few 18O ions 
were induced in the thin films. However, when 18O was leaked 
as radicals, the 18O concentration drastically increased. An oxy-
gen isotopic heterostructured thin film, i.e., Zn16O/Zn18O/Zn16O 
on an α-Al2O3 substrate, was successfully produced by combin-
ing simple gas leakage of 18O2 and radicals, i.e., the radical 
source was alternately turned on and off.

We obtained the diffusion coefficients of oxide ions in ZnO 
thin film by using an oxygen isotopic heterostructured thin film. 
The diffusion coefficients were almost the same as those reported 
for single crystals. The advantages of the proposed methodology 
are clear. The diffusion coefficients are slightly higher near the 
interface between the thin film and the substrate than those near 
the surface.

The activation energy was believed to result from the enthalpy 
of oxygen migration and that of the formation of oxygen vacan-
cies by comparing the present data with the reported theoretical 
results. The diffusion coefficients of oxide ions vary with the 
type of dopant and/or its concentration.
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