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bstract

16 18 16
n oxygen isotope-based heterostructure zinc oxide (ZnO) thin film, Zn O/Zn O/Zn O, was made by pulsed laser deposition on an a-face
apphire substrate. The isotope-enriched Zn18O layer was made by irradiation of the isotope oxygen radical (18O*). The isotopic ratio in the
eterostructure film was analyzed via secondary ion mass spectroscopy (SIMS). The ratio of exchange from 16O to 18O was approximately 70%
hen the oxygen isotope was irradiated as a radical, while it was approximately 10% when the oxygen isotope was supplied as 18O2 gas.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Zinc oxide (ZnO) is a functional metal oxide useful in
any optical and electronic applications due to its unique

roperties.1 Recently, it has been shown to offer many possibili-
ies when used in thin film technology, i.e. as a semiconducting,2

hotoconducting,3 piezoelectric4,5 and an optical waveguide
aterial.6,7 In order to improve or modify the properties of

hin films, modulation doping or superlattice fabrication is gen-
rally carried out.8,9 These kinds of modifications have been
ntensely attempted for oxide thin film materials. Ohta et al.
reated superlattices with SrTiO3/SrTi0.8Nb0.2O3/SrTiO3 het-
rostructures, and obtained a high dimensionless figure of merit
ZT = S2σTκ−1), exceeding 2 for a thermoelectric device.10 A
uperlattice was also applied to improve the optical properties
f thin films of the ZnO system, ZnO/(Zn, Mg).11

In these conventional modifications with the superlattice, the

eriodicity in the layers with the alternative element with the
ost material elements in the growth direction leads to zone-
olding of both the electronic band structures and the phonon
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ispersion curves, and complicates the understanding of phe-
omena caused by the structures. In order to clarify the phonon
roperties, isotope superlattices have been fabricated in semi-
onductor field. Göbel et al. formed (69GaX)n(71GaX)n [X = P
r As] and observed Raman spectra changes due to the isotopic
uperlattice.12 Morita et al. also fabricated 70Gen/74Gen isotope
uperlattices,13 and observed zone-folding of optical phonons
ue to mass periodicity in the growth direction.

Exotic properties are expected with bulk isotopic modifica-
ion because of the effects of the presence of the isotope, and
toh’s group is currently studying these issues.14,15 It is well
nown that SrTiO3 shows quantum paraelectricity below 4 K.16

toh et al. claimed that ferroelectricity was induced in SrTiO3
y the isotope exchange of 18O for 16O.14 They also indicated
hat partially isotope-exchanged SrTiO3 shows a high dielec-
ric constant of ∼172,000 in the vicinity of the composition
or the quantum limit, whereas unexchanged or fully exchanged
rTiO3 shows lower values.15 In the case of ZnO, the isotopic
ass dependence of the A, B, and C direct excitonic band gaps

f ZnO was evaluated at low temperatures.17 Isotopic disorder
roadening was reported in Raman spectra.18 However, there has
een no report on hetero-isotopic thin films in oxide systems thus

ar. If it can be realized, unique materials can be expected, e.g.
he temperature coefficient of delay for “Surface Acoustic Wave
SAW)” and “Bulk Acoustic Resonator (BAR)” devices could
e controlled, because acoustic velocity is strongly influenced

mailto:MATSUMOTO.Kenji@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.023
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y the isotopic composition and structure. It is believed that ZT
dimensionless figure of merit) for thermoelectric devices should
e optimized, because isotopic heterostructures of thin films
llow for the ability to control electrical and phonon properties
ndependently, and yield strong anisotropy of phonon properties
hile maintaining the symmetry of the electrical structure.
We are currently studying the fabrication of isotopic

eterostructure thin films with a crystal wurtzite structure.
e have previously reported the deposition process for
a14N/Ga15N/Ga14N isotopic hetero-thin films,19 wherein thin
lms were deposited using an MBE method, with Ga metal and
radical as sources. In the present study, we develop a process

o deposit hetero-isotopic thin films of Zn16O/Zn18O/Zn16O. A
ulsed laser deposition (PLD) method was applied for this pur-
ose. The sputtering method, commonly used to deposit ZnO
hin films, is disadvantageous, because it would require a mas-
ive amount of the isotope 18O, even it could be applied as a
aseous phase. On the contrary, although PLD has a compara-
ively simple operation, high quality thin films can be obtained,
imilar to the MBE method. Using an oxygen radical source, the
sotopic heterostructure, Zn16O/Zn18O/Zn16O, was successfully
btained. ZnO with natural oxygen isotope abundance was used
s a target for the PLD process. We also discuss the exchange
echanism between the target oxygen and the introduced oxy-

en radical.

. Experimental procedure

The isotopic heterostructured ZnO thin films were grown
sing the pulsed laser deposition (PLD) method (equipment:
ascal Co., Ltd.).20 The polycrystalline ZnO target was syn-

hesized by a conventional ceramic method. ZnO powder
5N-grade, Kojundo Chemical Laboratory Co., Ltd.) was com-
acted into disk-shaped pellets with Ø 20 mm diameter and
mm thickness under 20 MPa uniaxial pressure. The pellets
ere sintered at 1323 K for 2 h in air – a sintered body has a the-
retical density of above 99%. The pellets were polished using
iamond slurry to a mirror-face. These were used as a PLD tar-
et after cleaning with ethanol and acetone using an ultrasonic
leaner. �-Al2O3 single crystals with mirror polished a-face21

Kyocera Co., Ltd.) were used as substrates for the PLD.
The fourth harmonic generation (FHG) of a Nd:YAG laser

Quantel, Brilliant B, λ = 266 nm) was employed and irradiated
t 5 Hz on the ZnO targets. Various growth temperatures for the

lm were used. The vacuum chamber for the deposition was
vacuated to 1.0 × 10−6 Pa base pressure prior to film growth.
uring the film growth, the distance between the substrate and

he target ceramics was maintained at 50 mm, and the pressure of

a

C

able 1
rowth conditions of thin films.

ample Laser irradiation frequency (Hz) Radical condition

10 OFF
5 ON
5 OFF
5 ON
5 OFF–ON–OFF
n Ceramic Society 30 (2010) 423–428

he 18O2 (isotopic purity: 99%, Taiyo Nippon Sanso) atmosphere
as maintained at 2.4 × 10−3 Pa. When the isotope oxygen gas

8O2 was supplied to the substrate through a radical gun, two
xperimental conditions were used to control the oxygen iso-
ope concentration. First, the power to the radio frequency (RF)
enerator of the radical source was turned off. Then, the radi-
al source RF power (300 W) was turned on to supply radical
8O into the growth chamber. During application of the radical
ource, we confirmed oxygen radicals from the luminescence
pectra from the plasma of the radical source. In addition, ion-
zed oxygen was removed by an electrostatic deflector. The film
rowth conditions are listed in Table 1.

The crystallinity of the film was characterized using X-
ay diffraction (XRD, X’Pert PRO MRD, Philips) with a K�1
onochromator. The crystal structure was identified from 2θ–θ

easurements. The degree of orientation was characterized by
n Omega scan measurement around the ZnO (0 0 2) diffrac-
ion. Surface morphologies were evaluated using atomic force

icroscopy using a dynamic force mode. The optical properties
ere characterized by the transmittance and photoluminescence
easurements. The transmittance measurement was conducted
ith a double-beamed spectrometer (JASCO, V-550) with a

ingle monochromator. The photoluminescence spectra were
easured by a RPM2000 (ACCENT) with He–Cd laser exci-

ation (Kimmon Electric Co., Ltd., λ = 325 nm, 0.4 W/mm2).
hese optical characterizations were carried out in the range
etween 350 and 650 nm at room temperature.

Oxygen isotopic concentrations were analyzed by secondary
on mass spectrometry (SIMS) using a double focusing mass
pectrometer (SIMS, CAMECA, ims 4f).22 Cs+ ions were
mployed as the primary ion with 10 keV acceleration energy.
he primary ion current was maintained at approximately 5 nA.
he analyzed scanning area was 125 �m2. The analyzed sec-
ndary ions were the negative ions, 16O− and 18O−. In these
nalysis experiments, the mass resolution power M/�M of the
IMS was maintained above 2000 to eliminate interference of

he H2O mass spectrum. The analyzed crater depths were mea-
ured using a contact-mode surface profiler (Dektak3030).

The time dependence of the secondary ion intensities was
onverted to equivalent depths, assuming that the sputtering rate
y the primary ion beam was constant during the SIMS analysis.
he error of depth due to this assumption was less than a few %,
ccording to preliminary experimental results. The 18O isotope
oncentration was obtained from the secondary ion intensities

s follows:

18O = I(18O)

I(16O) + I(16O)
(1)

Growth rate (nm/s) Film thickness (nm) Atmosphere

0.17 2500 18O2

0.05 750 18O2

0.04 200 16O2

0.04 200 16O2

0.04 400 18O2
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ig. 1. Depth profile of the substrate temperature dependence of 18O concen-
ration (Sample-1).

. Results and discussion

Fig. 1 shows the depth profile of the substrate temperature
ependence of the 18O concentration for Sample-1. The 18O con-
entration was approximately 1%. The temperature dependence
f the 18O concentration was measured. When the tempera-
ure was higher, 18O concentration was also higher. The natural
oncentration of 18O is approximately 0.2%; therefore approx-
mately 1% of oxygen from the atmosphere was exchanged.

Fig. 2 shows the depth profile of the substrate temperature
ependence of the 18O concentration for Sample-2. This film was
rown at several substrate temperatures (600, 500, 400, 300 and
00 ◦C) with 18O radical irradiation. The results show that the
8O concentration was independent of the film growth temper-
ture. This sample contained approximately 75% 18O supplied
rom the atmosphere as a radical. In addition, the concentration
as almost independent of the substrate temperature. If 16O is

xchanged for 18O in the plume, it is right that no dependence
as observed for the substrate temperature. Meanwhile, if the

xchange occurred at the surface of the growing film, then the

xchange amount should also be independent of the substrate
emperature. These details are discussed further below.

Fig. 3 shows the depth profile of the 18O isotope concentra-
ion in Sample-C as analyzed by SIMS. In this figure, the left

ig. 2. Depth profile of the substrate temperature dependence of 18O concen-
ration (Sample-2 which was 18O* irradiated growth film).

F
B

t

Fig. 3. SIMS depth profile of Sample-C.

ide of the graph indicates the top of the film and the right side
ndicates the bottom of the film. The concentration of 16O in nat-
ral oxygen was approximately 99.8%, in other words, 99.8% of
xygen in the total oxygen of the target ZnO ceramics was 16O.
n this figure, the 18O concentration of the isotopic bottom layer
as approximately 10%. This result indicates that 10% of the
xygen from the target ZnO ceramics was exchanged to 18O. In
he center layer, in which the isotope radical oxygen, 18O*, was
upplied during film growth, the 18O concentration was approx-
mately 70%. In the growth term of the 18O-enriched layer, 70%
f 16O from the ZnO target ceramics was exchanged for 18O.
n the isotopic layer boundary between Zn16O and Zn18O, the
hange in the 18O concentration was sharp; therefore, rapid dif-
usion of the oxygen did not occur in the period of the film
rowth.

Fig. 4 shows the XRD patterns of the as-deposited film for
amples-A, B, and C. This figure shows that the films were a sin-
le phase of wurtzite-type ZnO and were c-axis-oriented because
nly (0 0 l) diffractions were observed. The full-width-at-half-
aximum (FWHM) of 2θ for the �-scan is shown in Table 2.

WHM of 2θ for Sample-C was smaller than for Sample-A or
. This difference was dependent on the film thickness.

Fig. 5 shows AFM images of the surface of the film. In
he AFM measurements, Samples-A and B had a grain size of

Fig. 4. XRD patterns of Sample-A, B and C.
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Table 2
Structural data of the thin films.

Sample Radical condition Growth rate (nm/s) Film thickness (nm) Arithmetic roughness, Ra (nm) FWHM of 2θ (◦) FWHM of �-scan (◦)

A OFF 0.04 200 0.6 0.127 0.27
B ON 0.04 200 0.4 0.122 0.24
C OFF–ON–OFF 0.04 400 0.4 0.094 0.21
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Fig. 5. AFM images of the film surface: (a) grown with O2, (b) grown

00 nm, whereas the grain size in Sample-C was approximately
00 nm. The film thickness is believed to be the main factor
or controlling the grain size among the samples deposited at
he same temperature. All of the AFM images show hexagonal-
haped grains due to the exposure of the c-face of the wurtzite
tructure. The roughness values of the films are also listed in
able 2, which were under 1% of the total thickness. The step
hape can be easily seen in the grains and the lattice growth
herefore occurred almost layer by layer.

Photoluminescence (PL) and UV–vis transmittance measure-

ents were carried out to characterize the optical properties of
ample-C. Fig. 6 shows the UV–vis transmittance and pho-

oluminescence spectra. From UV–vis transmittance spectra,
t is seen that the film was transparent in the visible wave-

ig. 6. UV–vis transmittance (solid line) and PL spectrum (dashed line) of
ample-C.
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oxygen radical (O*) irradiation and (c) grown with 18O2/18O*/18O2.

ength regime and absorption at the band edge was sharp. In
his measurement, no absorption due to defects in the lattice
as observed. In the PL measurement, band-edge luminescence

t 375 nm was observed. No broad luminescence spectra in the
isible region were seen. This visible luminescence is believed
o be caused by point defects in the wurtzite structure.23

Two different mechanisms can be considered for the forma-
ion of 18O-enriched ZnO under the radical irradiation. The
rst is that the oxygen radical accelerates the exchange reac-

ion between the oxide ion in the solid and radical oxygen at
he solid surface. Secondly, the exchange reaction occurs in the
aser-ablation plume. In order to clarify the exchange mecha-
ism between the radical oxygen and the lattice oxide ions, the
adical oxygen was irradiated onto a ZnO single crystal without
aser ablation. If the former mechanism is dominant, the sam-
le surface should be covered with 18O. In the latter case, the
xchange ratio should be small, because of the rack of the plume.

The results of SIMS analysis are shown in Fig. 7. It is indis-
utable from the results that 18O ions were introduced into the
attice. Even if the exchange reaction on the solid surface were
o occur, it would seem that the concentration of 18O ions at the
urface of a single crystal (approximately 1.4 × 1022 ions/cm3)
ould be different from that on the thin films (approximately
.3 × 1022 ions/cm3), on which both the laser and radicals were
rradiated. Furthermore, 18O ions were found in the interior of
he single crystal.

Several reasons can be considered for this discrepancy and

ehavior. One is a diffusion contribution during radical irradia-
ion. In this case, the 18O concentration should be held in equi-
ibrium with that of the isotope radical of 3.3 × 1022 ions/cm3.
omlins et al. reported the oxygen diffusion characteristics in
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ig. 7. 18O concentration in the single crystal irradiated by radical oxygen with-
ut laser-ablation. Dashed and dashed-dotted line, estimated depth profiles using
omlins’ diffusion data: Ref. [24].

nO single crystals.24 According to their results, the tempera-
ure dependence is different for each sample. Two extrapolated
iffusion coefficients were calculated at 873 K, the temperature
uring the radical irradiation. One is 3 × 10−20 cm2/s, and the
ther is 7 × 10−23 cm2/s. The estimated values are plotted in
ig. 7. The dashed line is for 3 × 10−20 cm2/s of the diffusion
oefficient and the dashed-dotted line is for 7 × 10−23 cm2/s.
either of these can explain the depth profile. Assuming that this
epth profile is due to diffusion, the calculated diffusion coeffi-
ient corresponds to 1 × 10−18 cm2/s, which is much higher than
omlins’ data. It is, therefore, unlikely that the depth profile is
aused only by the diffusion contribution. The depth shape is
ell fitted by two components using an exponential decay func-

ion, plotted with a solid line in Fig. 7. This means that the depth
rofile in the single crystal consists of two contributions.

Although 18O exists only at the surface with a delta function
hape, artificial tailing occurs in the SIMS profile primarily as a
esult of the residual ion mixing effect.25 In the present analysis
ondition, the exponential decay length should be 5 nm, almost
he same as the experimental decay length of the first component
ear the surface of approximately 6 nm. The shape of the depth
rofile near the surface is related to ion mixing by the primary
on beam during analysis. If this contribution is dominant and the
sotope exchange reaction progresses sufficiently, the total num-
er of 18O in the solid is almost the same as that of the surface
xygen sites, or more. The estimated value is approximately
.6 × 1015 ions/cm2 which is on same order as the theoretical
alue of 1.09 × 1015 ions/cm2 but larger. The excess amount of
8O originated from the second exponential component, which
s considered to be related to the dislocation pipe diffusion of
xide ions. Thus, it is clear that the enrichment mechanism of the
xygen isotope in laser-ablation is caused by the enhancement
f the isotope exchange reaction on the solid surface.

Using the sharpness of the single crystal data, the ideal dis-
ribution, including the analytical tails, is plotted in Fig. 8.

he observed data indicates a slightly broadened distribution,
ompared with the ideal distribution. The broadening due to
quilibrium diffusion of oxide ions is smaller than the actual
ata, as mentioned above. Even though the origin of the broad-
ig. 8. Comparison between observed 18O distributions and estimated one
Sample-C).

ning is not certain, it is considered to be related to oxide ion
iffusion through non-equilibrated oxygen defects during the
eposition process or the roughness of the sample surface.

. Conclusions

ZnO thin films were deposited by means of PLD, using
n FHG-YAG laser as the light source for the target ablation.
lthough 18O gas was introduced during the deposition, the 18O

oncentration remained below a 10% level. By applying radicals
f 18O, this value became approximately 70%. This behavior
s little dependent on the deposition temperature. Using these
onditions, ZnO thin films with isotopic heterostructures were
uccessfully obtained.

The mechanism of oxygen exchange between atmospheric
xygen and oxide ions in the solid, i.e. oxygen radical exchange
ith solid oxide ions on the sample surface, was clarified using
IMS analysis data of the 18O radical irradiated single crys-

al without laser ablation. Shape broadening was observed in
he heterostructured thin films due to non-equilibrium oxygen
iffusion or sample roughness.
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