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Isochronal and isothermal diffusion experiments of gallium (Ga) in zinc oxide (ZnO) have been
performed in the temperature range of 900–1050  C. The samples used consisted of a sputterdeposited and highly Ga-doped ZnO film at the surface of a single-crystal bulk material. We use a
novel reaction diffusion (RD) approach to demonstrate that the diffusion behavior of Ga in ZnO is
consistent with zinc vacancy (VZn) mediation via the formation and dissociation of GaZnVZn complexes. In the RD modeling, experimental diffusion data are fitted utilizing recent density-functional-theory estimates of the VZn formation energy and the binding energy of GaZnVZn. From the
RD modeling, a migration energy of 2.3 eV is deduced for GaZnVZn, and a total/effective activation
energy of 3.0 eV is obtained for the Ga diffusion. Furthermore, and for comparison, employing the
so-called Fair model, a total/effective activation energy of 2.7 eV is obtained for the Ga diffusion,
reasonably close to the total value extracted from the RD-modeling. Published by AIP Publishing.
https://doi.org/10.1063/1.5000123

I. INTRODUCTION

Transparent and semiconducting zinc oxide (ZnO) has
been extensively investigated over the past decades due to its
desired and potential use in optoelectronic devices. Although
the notorious n-type-only behavior of ZnO has impeded this
realization, highly conductive n-type ZnO films used as a transparent conductive oxide (TCO) layer have been realized via
doping by aluminium (Al) or gallium (Ga).1–3 Controlling the
dopant concentration and spatial distribution is essential for a
vast range of applications and relies on an understanding of the
diffusion process. For Al, both early studies and more recent
ones, as well as density-functional-theory (DFT), report an
activation energy for the diffusion in the range 2.6–2.7 eV.4–6
For Ga, on the other hand, early work reported a preexponential factor and an activation energy of 104 cm2 s1 and
3.75 eV,4 respectively. More recent results indicated corresponding values of 106 cm2 s1 and 1.47 eV,7 while firstprinciples calculations estimated the activation energy to be
2.45 eV for Ga.6 Hence, a significant discrepancy exists in the
literature. Moreover, it has been shown that self-compensation
occurs in Al and Ga doped ZnO,5,8 thereby limiting its conductivity and applicability as TCO. For Al doping, the selfcompensation is explained by the formation of zinc vacancies
(VZn) and a complex between VZn and substitutional Al at the
zinc sub-lattice (AlZn).5,9 Further, the latter complex has been
shown to be the main vehicle for Al diffusion.5 The diffusion
of an impurity atom and a vacancy as a paired complex was
alluded in 1969 by Hu,10 where it was proposed that the presence of Coulombic attraction between a charged vacancy and
an oppositely charged dopant may tend to keep the vacancy in
the vicinity of the dopant.
In this work, we combine experimental diffusion data
and DFT data in a reaction diffusion (RD) model to show
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that the diffusion of Ga in monocrystalline ZnO is vacancy
mediated via the formation and dissociation of a GaZnVZn
complex. Moreover, quantitative estimates for the defectdopant interplay are obtained due to the kinetics characteristics of the RD model used in the simulations.
II. EXPERIMENT

A thin film of Ga-doped ZnO (2  1021 cm3) was
deposited onto hydrothermally grown single crystalline
(0001-oriented) bulk ZnO samples (Tokyo Denpa) with a
bulk resistivity of 1310 X cm. The deposition was performed
in a Semicore magnetron sputtering system using a 99.95%
pure Ga-doped ZnO target (Zn0.9Ga0.1O), resulting in a
1.6 lm thick Ga-doped ZnO film. After the deposition, a
laser-cut was made at the backside of the sample followed
by cleavage into several small samples with a typical size of
5  5 mm2. One sample was sequentially heat treated for
30 min from 900  C up to 1050  C in stages of 50  C to realize in-diffusion of Ga into the bulk material. In addition, a
series of isothermal heat treatments for durations in the range
of 20 min up to 5 h were performed on three different samples at 950, 1000, or 1050  C. A Cameca IMS7f Secondary
Ion Mass Spectrometer (SIMS) equipped with an O2 primary
ion beam source was used to measure the concentration vs.
depth profiles of Ga. Using a secondary ion field aperture,
the circular gated region was 33 lm diameter, ensuring a
detected region only at the center of the 150 lm2 sputtered
crater bottom. Absolute concentration values of Ga were
obtained by measuring a Ga ion implanted reference sample,
ensuring less than 610% error in accuracy. Due to the highly
Ga-doped ZnO deposited film and a dynamic range of typically 5 orders of magnitude for the SIMS analysis, the residual Ga-concentration in the as-grown ZnO was determined
prior to the thin-film deposition and was found to be
2  1015 cm3. For depth calibration, the sputtered crater
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depths were measured by a Dektak 8 stylus profilometer and
a constant erosion rate was assumed.
III. RESULTS AND DISCUSSION

Figure 1 shows the Ga concentration vs depth profiles
for the sample heat treated sequentially for 30 min from
900  C to 1050  C. The characteristic box-like diffusion profiles, below the 1.6 lm thick deposited film, are similar to
those observed in Al-diffused samples5 and increase both in
concentration and depth as a function of temperature. The
large difference of more than one order of magnitude
between the Ga concentration in the deposited film and in
the bulk, which endures during the heat treatments, implies
that a semi-infinite source condition is a valid assumption.
However, a simple model assuming free diffusion from the
semi-infinite source, giving solutions in the form of a complementary error function, fails to predict the abrupt diffusion front in Fig. 1, cf. also a similar conclusion for Al
diffusion in ZnO.5
A. RD-model

In order to explain the diffusion of Ga and to gain physical insight into the defect reactions involved, we will primarily consider a RD type model,5,11–13 combined with recent
DFT calculations of Ga in ZnO.6 The model is based on
Fickian diffusion and adds a non-linear reaction term; for a
theoretical outline of the RD model, see Refs. 5 and 11. In
accordance with the work of Staiauf et al.,6 we further presume that V2
Zn is the only mediating defect and take the
dopant-vacancy complex to be the only vehicle for dopant
migration, with a reaction according to
2
VZn
þ Gaþ
Zn

ðGaZn VZn Þ ;

(1)

where Gaþ
Zn is regarded as immobile.

Here, it should also be emphasized that the deposited
film of highly Ga-doped ZnO at the bulk crystal surface is
considered as a source of (GaZnVZn)– complexes, and not of
Gaþ
Zn , in our RD-modeling. That is, already formed
(GaZnVZn)– complexes are injected into the bulk and their
flux is treated as a boundary condition in the simulations.
This assumption is corroborated by several theoretical and
experimental results in the literature for the two analogous
cases of Ga- and Al-doped ZnO.5,8,9,14,15 Calculations based
on DFT predict a significantly lower formation energy of
(GaZnVZn)– and (AlZnVZn)– complexes than that of isolated
þ
þ
2
V2
Zn and GaZn and VZn and AlZn , respectively, in highly
n-type samples under O-rich ambient conditions corresponding to those in the present experiments.5,14,15 This prediction
is supported by electron paramagnetic resonance (EPR) spectroscopy measurements revealing not only the atomic configuration of the (AlZnVZn) complex but also that it prevails
over VZn and AlZn by several orders of magnitude in MeV
electron-irradiated samples with an Al concentration in the
mid 1017 cm3 range.9 Furthermore, employing synchrotron
X-ray absorption measurements and DFT, T-Thienprasert
et al.15 evidenced that the (AlZnVZn)– complex, acting as a
deep compensating acceptor, is responsible for the suppressed net carrier concentration in highly Al-doped ZnO
samples. Similar conclusions hold also for highly Ga-doped
samples, where positron annihilation spectroscopy (PAS)
studies revealed a concentration of point defects involving
VZn in excess of 1019 cm3 (this lower limit is due to saturation of the PAS signal).8 On the basis of these arguments and
to summarize, the reverse reaction in Eq. (1) is expected to
be strongly suppressed in heavily Ga/Al-doped polycrystalline ZnO films, yielding a high steady-state concentration of
(GaZnVZn)– [or (AlZnVZn)–] complexes.
B. Influence of the Fermi-level position

The abrupt front observed for all the diffusion profiles
(Fig. 1) indicates that the Ga dopants induce a spatial variation
of the charge carrier concentration (i.e., a Fermi level dependence). The high concentration of Ga donor dopants in the
indiffused region (4  1019–1  1020 cm3) is about 6 orders
of magnitude higher than the net charge carrier concentration
in the bulk (2  1013 cm3), where the latter is deduced from
the measured resistivity of the as-received samples and assuming a bulk electron mobility of 100 cm2/V s.
The double acceptor level of VZn is located in the lower
part of the band gap,16 and the double negative charge state
is the prevailing one in n-type samples. The local concentra2
, mediating the Ga diffusion in the ZnO bulk [cf.
tion of VZn
Eq. (1)], can be expressed via the local Fermi level position
(F) by


FIG. 1. Isochronal Ga diffusion profiles of the sample heat treated sequentially for 30 min from 900  C to 1050  C.

2
VZn



¼ NZn e

Ef;0 ðV 2 Þ2F
Zn
kB T



;

(2)

where NZn is the total number of Zn sites per unit volume,
2
2
Ef;0 ðVZn
Þ is the formation energy of VZn
at the valence band
edge (i.e., when F ¼ 0), kB is the Boltzmann constant, and T
is the absolute temperature. This means that the formation of
2
is regarded as an instantaneous process with a local
VZn
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equilibrium concentration governed by Eq. (2). Hence, F
has a decisive impact on the RD-modelling results. For the
2
Þ ¼ 7:4 eV is
simulated curves, a fixed value of Ef;0 ðVZn
used, resulting in an adequate fit with the experimental data.
This is also in reasonable agreement with previous DFT2
Þ under O-rich conditions.14,17
predictions of Ef;0 ðVZn
Moreover, a binding energy Eb ðGaZn VZn Þ ¼ 1:25 eV for
the complex, as previously predicted by DFT-calculations,6
is used as a fixed parameter in the RD-simulations.
C. Comparison between experimental and RD
modelling results

Figure 2 shows the RD model fitted to the experimental
isochronal diffusion profiles. The diffusion simulations adequately reproduce the experimental diffusion profiles and an
activation energy of Ea,complex ¼ 2.3 6 0.1 eV with a pre2
cm2 s1 is extracted
exponential factor of D0 ¼ 8þ15
5  10
for the diffusion of GaZnVZn (Fig. 3). In the simulations (Fig.
2), the error of the fitted diffusivity values is comparable to
the marker size (3%), as determined by monitoring the
agreement between the experimental and the fitted profiles
when varying the diffusivity parameter.
Since the extracted Ea,complex-value represents the activation energy for diffusion of an already formed complex,
i.e., the migration energy Em ¼ Ea,complex ¼ 2.3 eV, it enables
a direct comparison with theoretical estimates. Here, it must
be noted that the obtained migration energy Em for GaZnVZn
is not unique as it depends on the presumed values of
2
Þ and Eb ðGaZn VZn Þ in the RD-simulations.
Ef;0 ðVZn
However, using the DFT value of Eb ðGaZn VZn Þ ¼ 1:25 eV
reported by Steiauf et al.,6 our results are in excellent agreement with their theoretically predicted migration barrier of
2.23 eV (Ref. 6) for GaZnVZn.
Figure 3 shows the present diffusivity values together
with previously reported experimental data by Norman4 and

FIG. 3. Diffusivities of Ga and GaZnVZn (RD) in ZnO. For the calculated
values from Steiauf et al.6 (Ea½Steiauf ¼ 2:45 eV), the entropy contribution is
set to 3kB, corresponding to a prefactor of 2  101 cm2 s1 .

Nakagawa et al.7 Theoretical data from first-principles calculations for the total activation energy6 are also included for
comparison. Note that D0 is merely a structural entity,18
ZnO½0001
D0
¼ ð3=4Þfc2 C0 eS=kB , where f  1 is a correlation factor, c is the jump distance equal to 3.25 Å in ZnO, C0
 1013 s1 being the typical phonon frequency, and S the
entropy contribution. For S ¼ 0 and f ¼ 1, this results in
D0  102 cm2 s1 , which is rather close to the value extracted
from the RD modeling and suggests a jump process with a
small entropy effect. The obtained diffusion parameters are
listed in Table I, together with previously reported values by
other authors. A solubility of the GaZnVZn complex is found
to be SGaZn VZn ¼ 1  1023 expð1:1 eV=kB TÞ cm3 , which is
about one order of magnitude lower than the measured chemical concentration of Ga.
Further, isothermal diffusion experiments were performed in order to reveal any transient processes. Figure 4
shows the experimental isothermal Ga diffusion profiles of
three samples heat treated at 950, 1000, or 1050  C, respectively, for durations in the range of 20 min to 5 h. Simulation

TABLE I. Extracted diffusion parameters for Ga in ZnO, together with previous theoretical and experimental results. With D0 being the preexponential factor, Em is the migration barrier for the exchange process of
GaZnVZn and Ea is the total activation energy for diffusion.

Fair
RD (isochron)
Theoa
Expb
Expc
FIG. 2. RD model (solid lines) fitted to the experimental isochronal Ga diffusion profiles of the sample heat treated sequentially for 30 min from
900  C to 1050  C. The numerical accuracy of the fitted diffusivity values is
better than 3%.

a.

Steiauf et al.6
Nakagawa et al.7
c
Norman.4
d
Obtained from Eq. (5).
b

D0 (cm2/s)

Em (eV)

Ea (eV)

1
8  102
…
2.7  106
3.6  104

…
2.3 6 0.1
2.23
…
…

2.7 6 0.1
3.0d 6 0.2
2.45
1.47
3.75
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FIG. 4. Isothermal Ga diffusion profiles of the three samples heat treated
sequentially for durations in the range
of 20 min to 5 h at 950  C, 1000  C, or
1050  C. The solid lines are the simulation results from our RD modeling.
The numerical accuracy of the fitted
diffusivity values is better than 3%.

results obtained from the RD model are also included in Fig.
4, and they follow closely the experimental data. A squareroot of time dependence holds for the isothermal diffusion
profiles, which supports the assumption that local equilibrium of the reaction in Eq. (1) is rapidly established. A
migration barrier of Em ¼ 2.3 eV with a pre-exponential factor of 1  101 cm2 s1 is obtained from the isothermal data,
substantiating the validity of the results deduced from the
isochronal experiment in Fig. 2. The corresponding diffusivities, where each value is taken as the mean of the set of
measurements at different times, are displayed in Fig. 3. In
this regard, we note that the slightly abnormal shape of the
900  C isochronal experiment (Figs. 1 and 2) may be due to
initial transient effects at this low temperature before steady
state is fully established. However, based on the consistent
trend of the Arrhenius behavior of the extracted diffusivities
(Fig. 3), we consider the 900  C experiment to primarily
reflect a similar diffusion behavior as that at the higher
temperatures.
In addition to provide a value for the GaZnVZn migration
barrier, the RD model has also been applied to estimate the
total activation energy for the Ga diffusion, Ea. As schematically illustrated in Fig. 5, to move GaZn via VZn, it requires
the formation and presence of a VZn as a next-nearest neighbour. That is, VZn must form at some site and subsequently
approach the GaZn. The associated VZn must then either (i)
exchange with GaZn and dissociate or (ii) exchange and
rotate around the GaZn. In a first approximation, the total
activation energy for the diffusion of Ga can be expressed as
a sum of all the above processes
2
2
Þ þ Em ðVZn
Þ þ Em ðGaZn VZn Þ
Ea ¼ Ef ðVZn

Ed ðGaZn VZn Þ ;

(3)

FIG. 5. Energy diagram illustrating the involved processes for the diffusion
2
of Ga. From left: the formation of V2
Zn , the migration of VZn , the binding of
–
þ
V2
Zn with GaZn , the migration of (GaZnVZn) , and the dissociation of the
complex.

2
2
where Ef ðVZn
Þ is the formation energy of V2
Zn ; Em ðVZn Þ and

2
Em ðGaZn VZn Þ are the migration barrier for VZn and the
barrier for the migration of (GaZnVZn)–, respectively, while
Ed ðGaZn VZn Þ is the energy required to dissociate the
complex. The dissociation barrier can in turn be approximated as
2
Þ  kB T;
Ed ðGaZn VZn Þ ¼ Eb ðGaZn VZn Þ þ Em ðVZn

(4)

where Eb ðGaZn VZn Þ is the binding energy of the complex.
In the modeling, we use an effective capture radius of
þ
Rc ¼ 1 nm for the trapping of V2
Zn by GaZn , leading to the
inclusion of kBT in Eq. (4). This term arises due to the
slightly reduced (by the amount of kBT) potential energy of
þ
the dissociated V2
Zn at a distance Rc from Ga (see Ref. 19
for a general formalism). Inserting Eq. (4) into Eq. (3) gives
2
Ea ¼ Ef ðVZn
Þ  Eb ðGaZn VZn Þ þ Em ðGaZn VZn Þ þ kB T: (5)
2
2
Þ is extracted from Ef;0 ðVZn
Þ and the Fermi
Here, Ef ðVZn
level position at the interface between the diffusion source
2
2
Þ ¼ Ef;0 ðVZn
Þ  2F ) is found to
and the bulk crystal (Ef ðVZn
be 1.85 eV. With kBT ¼ 0.1 eV, we obtain a total activation
energy of Ea ¼ 3.0 eV for the diffusion of Ga in ZnO.
Interestingly, the difference in Ea between our data and the
theoretical ones in Ref. 6 can be attributed to a difference in
2
2
Þ used in the calculations of Ef ðVZn
Þ. Furthermore,
Ef;0 ðVZn
we obtain an upper limit for Ed ðGaZn VZn Þ of 3.05 eV,
whereupon the model begins to deviate from the experimental data. Hence, in accord with Eq. (4), Em ðV2
Zn Þ cannot
exceed 3.05 – 1.25 þ 0.1 ¼ 1.9 eV and Em ðGaZn VZn Þ is the
limiting migration barrier for the diffusion of Ga at these
conditions (as schematically illustrated in Fig. 5). This
conclusion is also fully supported by the quadratic Gaconcentration dependence of the Ga diffusivity, in accordance with several general and comprehensive studies of the
concentration dependence of dopant diffusion in semiconductors.11–13 In particular, it becomes evident that V2
Zn cannot be the defect controlling/limiting the migration process
as this results in Ga diffusion profiles of very different shape
than the experimental ones.11

D. Comparison between experimental and Fair
modelling results

In order to further substantiate the results obtained from
our RD model, we also analyse the experimental data using
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another and more common approach to model dopant diffusion in semiconductors. The approach assumes each dopant
to be in its isolated configuration, which is a valid approximation given that only a small fraction of the dopants exist
in defect complexes. If one further accounts for the electric
field arising from the non-uniform dopant distribution, giving rise to energy band bending, the dopant diffusion is
described as a sum of the different charge state contributions.20 In other words, the effective diffusion coefficient can
be regarded as concentration dependent.11 This is often
denoted as the Fair model.21 Considering only a double negatively charged defect X mediating the diffusion, the effective Ga diffusivity becomes
DGa ¼

HDiGaþ X2

 2
n
:
ni

(6)

In Eq. (6), H is a correction factor arising from the spatially
varying Fermi level, taking values between 1 (intrinsic
regime) and 2 (far-extrinsic regime). The superscript i
denotes intrinsic conditions. n is the
 free carrier concentrapﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Eg
tion, and ni ¼ NC NV exp  2kB T is the intrinsic carrier
concentration with NC and NV being the effective density of
states at the conduction- and valence band edge, respectively. The (n/ni)2 term is proportional to the number of
double negatively charged defects and reflects the probability-of-existence of, e.g., V2
Zn . The ZnO band gap Eg equals
3.4 eV at room temperature but is significantly reduced at the
diffusion temperatures employed. We have used data from
band gap measurements of ZnO in the temperature range
of 100–500  C by Hauschild et al.22 and then assumed a similar linear dependence at higher temperatures: DEg(T) ¼ 80.5
– 0.52 T (meV).
As can be seen in Fig. 6, Fair’s model [Eq. (6)] adequately reproduces the experimental data recorded after

FIG. 6. Comparison of the Fair model and the reaction diffusion (RD)
model, as fitted to the experimentally obtained SIMS profile after the
1000  C (isochronal) treatment. Note that the data from the deposited film
have been excluded for clarity.

30 min at 1000  C (isochronal annealing) but gives a slightly
higher concentration close to the diffusion tail as compared
to that of the RD model. An activation energy of Ea ¼ 2.7 eV
with a pre-exponential factor of D0 ¼ 1 cm2 s1 is obtained
for DGa (see Fig. 3), where complete ionization of GaZn
is assumed (i.e., n is taken to be given by the solid solubility
of Ga, n ¼ SGa ¼ 7  1022 expð0:8 eV=kB TÞ cm3 ). DGa
extracted from Eq. (6) is an effective (or apparent) diffusion
coefficient given by the product of the equilibrium concentration and the diffusivity of (GaZnVZn)– divided by the con11,20
centration of Gaþ
Hence, the Ea value of 2.7 eV does
Zn .
not only contain the activation energy for migration of
(GaZnVZn)– but also the difference between the formation
energies of (GaZnVZn)– and Gaþ
Zn . Thus, a direct comparison
with the results from the RD-modeling and Em(GaZnVZn)– is
not valid. However, if Em(GaZnVZn)– is assumed to be
2.3 eV, as extracted from the RD-modeling and in close
agreement with the DFT predication by Steiauf et al.,6 one
obtains Ef ðGaZn VZn Þ  Ef ðGaþ
Zn Þ  0:4 eV at the temperatures of diffusion. Indeed, such a relatively small difference
between Ef(GaZnVZn)– and Ef ðGaþ
Zn Þ is fully consistent with
the DFT results by Demchenko et al.14 under O-rich conditions, accounting for the Eg narrowing with temperature and
that extrinsic conditions still prevail in the highly Ga-doped
ZnO films during diffusion, i.e., F remains close to the conduction band edge. Moreover and despite some uncertainty,
it is interesting to note that the total (or effective) value of
3.0 6 0.2 eV for the Ga diffusion extracted from the RDmodeling[ Eq. (5) and Table I] is in fair/reasonable agreement with the effective value of 2.7 6 0.1 eV from the Fair
modeling. The discrepancy between the two values (3.0 versus 2.7 eV) is essentially within the accuracy of data analysis
of the two approaches, especially considering the limited
accuracy of DFT estimates and the high concentration of
(GaZnVZn)– complexes. The latter may also partly violate the
implicit assumption regarding a much lower concentration of
(GaZnVZn)– complexes than that of Gaþ
Zn donors made in the
Fair modeling.
As previously discussed, the donor dopant concentration
is about 6 orders of magnitude higher in the indiffused region
compared to that of the bulk. In addition, as demonstrated in
Fig. 6 by the comparison between the RD-type model [Eq.
(1)] and the Fair model [Eq. (6)], a quadratic dependence
between the Ga diffusivity and the Ga concentration adequately explains the experimental Ga diffusion profile.
Hence, the modelling results provide strong support for a
V2
Zn -mediated diffusion of Ga with an exponential dependence on the Fermi-level position (F). However, for an
unambiguous conclusion on the diffusion mechanism and
especially the F dependence, isoconcentration diffusion
experiments with F pinned at given positions are desirable.
Indeed, using undoped and in situ doped isotopic heterostructure ZnO samples, Azarov et al.23 have recently shown
experimentally that the Zn self-diffusion is enhanced by several orders of magnitude as F is shifted towards the conduction band edge. Accordingly, V2
Zn was regarded as the
mediating defect of the Zn self-diffusion and an upper limit
of 1.5 eV was determined for Em ðV2
Zn Þ, fully consistent with
our modelling results. Moreover, preliminary PAS and SIMS
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data for Al-doped ZnO samples reveal a quadratic relation
between the VZn and Al concentrations,24 corroborating V2
Zn
as a prime defect promoting Al diffusion. A similar result is
also anticipated for Ga-doped ZnO samples and further studies on this subject are being pursued.
IV. SUMMARY

The diffusion of Ga in monocrystalline ZnO is found to
be well described as vacancy mediated through the formation
(and subsequent dissociation) of an intermediate dopantvacancy complex. Both simulation results from our RD model
and from Fair’s model suggest that the diffusion of Ga proceeds by one single mechanism throughout the studied temperature interval, 900–1050  C. From the RD-simulations, this
mechanism is suggested to be driven by V2
Zn through the dif2
fusion of (GaZnVZn)–. Utilizing DFT estimates of Ef ðVZn
Þ and

Eb ðGaZn VZn Þ , a migration barrier of Em ¼ 2.3 eV with a preexponential factor of 8  102 cm2 s1 is deduced for the
(GaZnVZn)– complex from the RD-modeling, in close agreement with results from recent first principles calculations.6
The Fair modeling gives a total/effective energy of
2.7 6 0.1 eV for Ga diffusion in ZnO which is in reasonable
agreement with the total/effective value of 3.0 6 0.2 eV
obtained from the RD-modeling. Previous experimental values in the literature for the total/effective activation energy of
Ga diffusion in ZnO scatter over a range of more than 2 eV
(Refs. 4 and 7) and our value is approximately in the middle
of this range.
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