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Abstract

An oxygen isotope-based heterostructure zinc oxide (ZnO) thin film, Zn'°0/Zn'30/Zn'°0, was made by pulsed laser deposition on an a-face
sapphire substrate. The isotope-enriched Zn'80 layer was made by irradiation of the isotope oxygen radical ('®Q"). The isotopic ratio in the
heterostructure film was analyzed via secondary ion mass spectroscopy (SIMS). The ratio of exchange from '°O to '*O was approximately 70%
when the oxygen isotope was irradiated as a radical, while it was approximately 10% when the oxygen isotope was supplied as '*0, gas.
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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.! Recently, it has been shown to offer many possibili-
ties when used in thin film technology, i.e. as a semiconducting,?
photoconducting,? piezoelectric*> and an optical waveguide
material.>7 In order to improve or modify the properties of
thin films, modulation doping or superlattice fabrication is gen-
erally carried out.®? These kinds of modifications have been
intensely attempted for oxide thin film materials. Ohta et al.
created superlattices with SrTiO3/SrTig gNbg203/SrTiO3 het-
erostructures, and obtained a high dimensionless figure of merit
(ZT=S?cTk™"), exceeding 2 for a thermoelectric device.'® A
superlattice was also applied to improve the optical properties
of thin films of the ZnO system, ZnO/(Zn, Mg).'!

In these conventional modifications with the superlattice, the
periodicity in the layers with the alternative element with the
host material elements in the growth direction leads to zone-
folding of both the electronic band structures and the phonon
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dispersion curves, and complicates the understanding of phe-
nomena caused by the structures. In order to clarify the phonon
properties, isotope superlattices have been fabricated in semi-
conductor field. Gobel et al. formed (69GaX)n(71GaX)n [X=P
or As] and observed Raman spectra changes due to the isotopic
superlattice.'> Morita et al. also fabricated "°Ge,,/"*Ge,, isotope
superlattices,'> and observed zone-folding of optical phonons
due to mass periodicity in the growth direction.

Exotic properties are expected with bulk isotopic modifica-
tion because of the effects of the presence of the isotope, and
Itoh’s group is currently studying these issues.!*!5 It is well
known that SrTiO3 shows quantum paraelectricity below 4 K.
Itoh et al. claimed that ferroelectricity was induced in SrTiO3
by the isotope exchange of 30 for 1°0.!* They also indicated
that partially isotope-exchanged SrTiO3 shows a high dielec-
tric constant of ~172,000 in the vicinity of the composition
for the quantum limit, whereas unexchanged or fully exchanged
SrTiO3 shows lower values.! In the case of ZnO, the isotopic
mass dependence of the A, B, and C direct excitonic band gaps
of ZnO was evaluated at low temperatures.!” Isotopic disorder
broadening was reported in Raman spectra.'® However, there has
been no report on hetero-isotopic thin films in oxide systems thus
far. If it can be realized, unique materials can be expected, e.g.
the temperature coefficient of delay for “Surface Acoustic Wave
(SAW)” and “Bulk Acoustic Resonator (BAR)” devices could
be controlled, because acoustic velocity is strongly influenced
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by the isotopic composition and structure. It is believed that ZT
(dimensionless figure of merit) for thermoelectric devices should
be optimized, because isotopic heterostructures of thin films
allow for the ability to control electrical and phonon properties
independently, and yield strong anisotropy of phonon properties
while maintaining the symmetry of the electrical structure.

We are currently studying the fabrication of isotopic
heterostructure thin films with a crystal wurtzite structure.
We have previously reported the deposition process for
Gal*N/GalSN/Gal*N isotopic hetero-thin films,!® wherein thin
films were deposited using an MBE method, with Ga metal and
N radical as sources. In the present study, we develop a process
to deposit hetero-isotopic thin films of Zn'®0/Zn'80/Zn'°0. A
pulsed laser deposition (PLD) method was applied for this pur-
pose. The sputtering method, commonly used to deposit ZnO
thin films, is disadvantageous, because it would require a mas-
sive amount of the isotope 80, even it could be applied as a
gaseous phase. On the contrary, although PLD has a compara-
tively simple operation, high quality thin films can be obtained,
similar to the MBE method. Using an oxygen radical source, the
isotopic heterostructure, Zn'%0/Zn!80/Zn'%0, was successfully
obtained. ZnO with natural oxygen isotope abundance was used
as a target for the PLD process. We also discuss the exchange
mechanism between the target oxygen and the introduced oxy-
gen radical.

2. Experimental procedure

The isotopic heterostructured ZnO thin films were grown
using the pulsed laser deposition (PLD) method (equipment:
Pascal Co., Ltd.).?° The polycrystalline ZnO target was syn-
thesized by a conventional ceramic method. ZnO powder
(5N-grade, Kojundo Chemical Laboratory Co., Ltd.) was com-
pacted into disk-shaped pellets with @ 20mm diameter and
Smm thickness under 20 MPa uniaxial pressure. The pellets
were sintered at 1323 K for 2 h in air — a sintered body has a the-
oretical density of above 99%. The pellets were polished using
diamond slurry to a mirror-face. These were used as a PLD tar-
get after cleaning with ethanol and acetone using an ultrasonic
cleaner. a-Al, O3 single crystals with mirror polished a-face?!
(Kyocera Co., Ltd.) were used as substrates for the PLD.

The fourth harmonic generation (FHG) of a Nd:YAG laser
(Quantel, Brilliant B, > =266 nm) was employed and irradiated
at 5 Hz on the ZnO targets. Various growth temperatures for the
film were used. The vacuum chamber for the deposition was
evacuated to 1.0 x 1070 Pa base pressure prior to film growth.

the 130, (isotopic purity: 99%, Taiyo Nippon Sanso) atmosphere
was maintained at 2.4 x 1073 Pa. When the isotope oxygen gas
180, was supplied to the substrate through a radical gun, two
experimental conditions were used to control the oxygen iso-
tope concentration. First, the power to the radio frequency (RF)
generator of the radical source was turned off. Then, the radi-
cal source RF power (300 W) was turned on to supply radical
180 into the growth chamber. During application of the radical
source, we confirmed oxygen radicals from the luminescence
spectra from the plasma of the radical source. In addition, ion-
ized oxygen was removed by an electrostatic deflector. The film
growth conditions are listed in Table 1.

The crystallinity of the film was characterized using X-
ray diffraction (XRD, X’Pert PRO MRD, Philips) with a Ko
monochromator. The crystal structure was identified from 26-6
measurements. The degree of orientation was characterized by
an Omega scan measurement around the ZnO (002) diffrac-
tion. Surface morphologies were evaluated using atomic force
microscopy using a dynamic force mode. The optical properties
were characterized by the transmittance and photoluminescence
measurements. The transmittance measurement was conducted
with a double-beamed spectrometer (JASCO, V-550) with a
single monochromator. The photoluminescence spectra were
measured by a RPM2000 (ACCENT) with He—Cd laser exci-
tation (Kimmon Electric Co., Ltd., A=325nm, 0.4 W/Inrnz).
These optical characterizations were carried out in the range
between 350 and 650 nm at room temperature.

Oxygen isotopic concentrations were analyzed by secondary
ion mass spectrometry (SIMS) using a double focusing mass
spectrometer (SIMS, CAMECA, ims 4f).22 Cs* ions were
employed as the primary ion with 10keV acceleration energy.
The primary ion current was maintained at approximately 5 nA.
The analyzed scanning area was 125 pm?. The analyzed sec-
ondary ions were the negative ions, 10~ and '30~. In these
analysis experiments, the mass resolution power M/AM of the
SIMS was maintained above 2000 to eliminate interference of
the H,O mass spectrum. The analyzed crater depths were mea-
sured using a contact-mode surface profiler (Dektak3030).

The time dependence of the secondary ion intensities was
converted to equivalent depths, assuming that the sputtering rate
by the primary ion beam was constant during the SIMS analysis.
The error of depth due to this assumption was less than a few %,
according to preliminary experimental results. The '30 isotope
concentration was obtained from the secondary ion intensities
as follows:

18
During the film growth, the distance between the substrate and Cisg = 1C70) (1)
the target ceramics was maintained at 50 mm, and the pressure of 1(1%0) + I1(160)
Table 1
Growth conditions of thin films.
Sample Laser irradiation frequency (Hz) Radical condition Growth rate (nm/s) Film thickness (nm) Atmosphere
1 10 OFF 0.17 2500 180,
2 5 ON 0.05 750 130,
A 5 OFF 0.04 200 160,
B 5 ON 0.04 200 160,
C 5 OFF-ON-OFF 0.04 400 180,
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Fig. 1. Depth profile of the substrate temperature dependence of '#0 concen-
tration (Sample-1).

3. Results and discussion

Fig. 1 shows the depth profile of the substrate temperature
dependence of the 180 concentration for Sample-1. The 180 con-
centration was approximately 1%. The temperature dependence
of the 80 concentration was measured. When the tempera-
ture was higher, 180 concentration was also higher. The natural
concentration of 180 is approximately 0.2%; therefore approx-
imately 1% of oxygen from the atmosphere was exchanged.

Fig. 2 shows the depth profile of the substrate temperature
dependence of the 80 concentration for Sample-2. This film was
grown at several substrate temperatures (600, 500, 400, 300 and
200 °C) with '80 radical irradiation. The results show that the
180 concentration was independent of the film growth temper-
ature. This sample contained approximately 75% '80 supplied
from the atmosphere as a radical. In addition, the concentration
was almost independent of the substrate temperature. If 1°0 is
exchanged for '80 in the plume, it is right that no dependence
was observed for the substrate temperature. Meanwhile, if the
exchange occurred at the surface of the growing film, then the
exchange amount should also be independent of the substrate
temperature. These details are discussed further below.

Fig. 3 shows the depth profile of the 30 isotope concentra-
tion in Sample-C as analyzed by SIMS. In this figure, the left
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Fig. 2. Depth profile of the substrate temperature dependence of 80 concen-
tration (Sample-2 which was 30" irradiated growth film).
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Fig. 3. SIMS depth profile of Sample-C.

side of the graph indicates the top of the film and the right side
indicates the bottom of the film. The concentration of 10 in nat-
ural oxygen was approximately 99.8%, in other words, 99.8% of
oxygen in the total oxygen of the target ZnO ceramics was '60.
In this figure, the 30 concentration of the isotopic bottom layer
was approximately 10%. This result indicates that 10% of the
oxygen from the target ZnO ceramics was exchanged to '30. In
the center layer, in which the isotope radical oxygen, 30", was
supplied during film growth, the 80 concentration was approx-
imately 70%. In the growth term of the '80-enriched layer, 70%
of 190 from the ZnO target ceramics was exchanged for '30.
In the isotopic layer boundary between Zn'®0O and Zn'30, the
change in the '30 concentration was sharp; therefore, rapid dif-
fusion of the oxygen did not occur in the period of the film
growth.

Fig. 4 shows the XRD patterns of the as-deposited film for
Samples-A, B, and C. This figure shows that the films were a sin-
gle phase of wurtzite-type ZnO and were c-axis-oriented because
only (001/) diffractions were observed. The full-width-at-half-
maximum (FWHM) of 26 for the w-scan is shown in Table 2.
FWHM of 26 for Sample-C was smaller than for Sample-A or
B. This difference was dependent on the film thickness.

Fig. 5 shows AFM images of the surface of the film. In
the AFM measurements, Samples-A and B had a grain size of
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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, R; (nm) FWHM of 26 (°) FWHM of w-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 Oy, (b) grown with oxygen radical (O") irradiation and (c) grown with 180,/180"/180,.

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

Photoluminescence (PL) and UV-vis transmittance measure-
ments were carried out to characterize the optical properties of
Sample-C. Fig. 6 shows the UV-vis transmittance and pho-
toluminescence spectra. From UV-vis transmittance spectra,
it is seen that the film was transparent in the visible wave-
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Fig. 6. UV-vis transmittance (solid line) and PL spectrum (dashed line) of
Sample-C.

length regime and absorption at the band edge was sharp. In
this measurement, no absorption due to defects in the lattice
was observed. In the PL. measurement, band-edge luminescence
at 375 nm was observed. No broad luminescence spectra in the
visible region were seen. This visible luminescence is believed
to be caused by point defects in the wurtzite structure.?>

Two different mechanisms can be considered for the forma-
tion of '80-enriched ZnO under the radical irradiation. The
first is that the oxygen radical accelerates the exchange reac-
tion between the oxide ion in the solid and radical oxygen at
the solid surface. Secondly, the exchange reaction occurs in the
laser-ablation plume. In order to clarify the exchange mecha-
nism between the radical oxygen and the lattice oxide ions, the
radical oxygen was irradiated onto a ZnO single crystal without
laser ablation. If the former mechanism is dominant, the sam-
ple surface should be covered with 180, In the latter case, the
exchange ratio should be small, because of the rack of the plume.

The results of SIMS analysis are shown in Fig. 7. It is indis-
putable from the results that 80 ions were introduced into the
lattice. Even if the exchange reaction on the solid surface were
to occur, it would seem that the concentration of 180 ions at the
surface of a single crystal (approximately 1.4 x 10%? ions/cm?®)
would be different from that on the thin films (approximately
3.3 x 10%2 ions/cm3), on which both the laser and radicals were
irradiated. Furthermore, 180 ions were found in the interior of
the single crystal.

Several reasons can be considered for this discrepancy and
behavior. One is a diffusion contribution during radical irradia-
tion. In this case, the 130 concentration should be held in equi-
librium with that of the isotope radical of 3.3 x 10?% ions/cm?.
Tomlins et al. reported the oxygen diffusion characteristics in
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Fig. 7. 80 concentration in the single crystal irradiated by radical oxygen with-
out laser-ablation. Dashed and dashed-dotted line, estimated depth profiles using
Tomlins’ diffusion data: Ref. [24].

ZnO single crystals.”* According to their results, the tempera-
ture dependence is different for each sample. Two extrapolated
diffusion coefficients were calculated at 873 K, the temperature
during the radical irradiation. One is 3 x 10729 ¢cm?/s, and the
other is 7 x 10723 cm?/s. The estimated values are plotted in
Fig. 7. The dashed line is for 3 x 10729 cm?/s of the diffusion
coefficient and the dashed-dotted line is for 7 x 10723 cm?/s.
Neither of these can explain the depth profile. Assuming that this
depth profile is due to diffusion, the calculated diffusion coeffi-
cient corresponds to 1 x 10~!8 cm?/s, which is much higher than
Tomlins’ data. It is, therefore, unlikely that the depth profile is
caused only by the diffusion contribution. The depth shape is
well fitted by two components using an exponential decay func-
tion, plotted with a solid line in Fig. 7. This means that the depth
profile in the single crystal consists of two contributions.

Although 30 exists only at the surface with a delta function
shape, artificial tailing occurs in the SIMS profile primarily as a
result of the residual ion mixing effect.? In the present analysis
condition, the exponential decay length should be 5 nm, almost
the same as the experimental decay length of the first component
near the surface of approximately 6 nm. The shape of the depth
profile near the surface is related to ion mixing by the primary
ion beam during analysis. If this contribution is dominant and the
isotope exchange reaction progresses sufficiently, the total num-
ber of '30 in the solid is almost the same as that of the surface
oxygen sites, or more. The estimated value is approximately
1.6 x 10" ions/cm? which is on same order as the theoretical
value of 1.09 x 10'3 ions/cm? but larger. The excess amount of
180 originated from the second exponential component, which
is considered to be related to the dislocation pipe diffusion of
oxide ions. Thus, it is clear that the enrichment mechanism of the
oxygen isotope in laser-ablation is caused by the enhancement
of the isotope exchange reaction on the solid surface.

Using the sharpness of the single crystal data, the ideal dis-
tribution, including the analytical tails, is plotted in Fig. 8.
The observed data indicates a slightly broadened distribution,
compared with the ideal distribution. The broadening due to
equilibrium diffusion of oxide ions is smaller than the actual
data, as mentioned above. Even though the origin of the broad-
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Fig. 8. Comparison between observed 'O distributions and estimated one
(Sample-C).

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

4. Conclusions

ZnO thin films were deposited by means of PLD, using
an FHG-YAG laser as the light source for the target ablation.
Although 80 gas was introduced during the deposition, the 180
concentration remained below a 10% level. By applying radicals
of 180, this value became approximately 70%. This behavior
is little dependent on the deposition temperature. Using these
conditions, ZnO thin films with isotopic heterostructures were
successfully obtained.

The mechanism of oxygen exchange between atmospheric
oxygen and oxide ions in the solid, i.e. oxygen radical exchange
with solid oxide ions on the sample surface, was clarified using
SIMS analysis data of the '30 radical irradiated single crys-
tal without laser ablation. Shape broadening was observed in
the heterostructured thin films due to non-equilibrium oxygen
diffusion or sample roughness.
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