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Gallium (Ga)-doped ZnO is regarded as a promising plasmonic material with a wide range of applications in plasmonics. In this
study, zinc self-diffusion experiments are adopted to disclose the nature of the dominant compensating defect in Ga-doped ZnO
isotopic heterostructures. The (Gay,-V,,) complex defect, instead of the isolated V>, is identified as the predominant com-
pensating acceptor center responsible for the low donor doping efficiency. The comparative diffusion experiments operated by
the secondary ion mass spectrometry reveal a ~0.78 eV binding energy of this complex defect, which well matches the electrical
activation energy derived from the temperature-dependent Hall effect measurements (~(0.82+0.02) eV). These findings con-
tribute to an essential understanding of the (Ga,,-V,,) complex defect and the potential engineering routes of heavily Ga-doped

ZnO.
Ga-doped ZnO, complex defect, self-diffusion
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1 Introduction

As a quintessential oxide semiconductor, zinc oxide remains
the subject of intense study because of its excellent optical
and optoelectronic properties. Heavily doped zinc oxide
(ZnO) has been extensively explored and utilized as trans-
parent conductive electrodes in various fields, such as dis-
plays, photovoltaics, and smart windows [1-3]. Inspiringly,
ZnO, where heavy doping can produce a metallic dielectric
function, has been identified as a promising plasmonic ma-
terial with low plasmonic loss for the infrared spectral range,
even up to telecommunication wavelengths [4-7]. In recent
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years, heavily gallium (Ga)-doped ZnO as a tunable metal
has enabled the realization of tailoring surface-plasmon-po-
lariton (SPP) dispersion relations in a wide range [8]. Fur-
thermore, an ultrafast nonlinear response of bulk plasmons
has been observed in Ga-doped ZnO layers [9]. However,
achieving a higher doping efficiency is still challenging and
impeded by the significant compensation phenomenon. The
necessity of high conductivity in plasmonic materials raises
concerns about the inevitable doping compensation effect
caused by the point defects in Ga-doped ZnO.

In general, point defects hold a major influence on the
physical properties of semiconductors considering that they
dominate various diffusion mechanisms involved in doping
and its limitation. The origin of the doping compensation
effect in heavily doped ZnO is still under debate and com-
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monly attributed to two mechanisms: Zn vacancy (V,), an
acceptor in its isolated form, and V,,-related defect com-
plexes formed by V,, and donor impurities (e.g., Gaz,-V;,
and Al,,-V,, complexes) [10-13]. Thus, the confirmation of
the compensating defect species and the revelation of its
energetics are both of fundamental and practical interests in
terms of the possibly delicate control and engineering of the
defect population and useful properties.

The electronic structure and the thermodynamic stability
of different types of point defects in ZnO, including isolated
V.. and Gay,-V,,, have been widely calculated [11,14-17],
which was suggested to account for the optical and electrical
measurements and some complementary properties of the
point defects reported by other experimental techniques [ 18-
20]. However, the theoretically derived defect energetics
(formation energies as a function of the Fermi-level position
and the chemical potential as well as the transition levels) in
ZnO exhibits a huge controversy probably because of the
finite-supercell formalism and the inaccurate description of
the band structure [21]. The energetics of V,,-related point
defects lacks reliable experimental data. The V,, energetics
was previously validated from zinc self-diffusion measure-
ments in the isotopic heterostructures of undoped and in situ-
doped ZnO [22]. A more complicated Gay,-V,, complex
defect remains challenging to differentiate from isolated V,,,
not to mention exploring its energetic properties.

In the present work, secondary ion mass spectrometry
(SIMS) combined with temperature-dependent Hall-effect
(TDH) measurements was employed to identify the (Gag,-
V) complex defect as the predominant acceptor center in
Ga-doped ZnO and investigate its compensation behavior
and thermodynamic characteristics. SIMS in conjunction
with isotope tracing atoms is a very powerful approach for
studying point defects because the diffusion phenomenon is
closely associated with the defect formation process [22-26].
The comparative diffusion experiments revealed that (Gag,-
V.., instead of the isolated V>, is the predominant
compensating defect in the Ga-doped ZnO. The derived
binding energy (~0.78 ¢V) agreed well with the electrical
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activation energy obtained from the TDH measurements.

2 Experiments

Two series of samples were in focus herein: ZnO isotopic
double-layer heterostructures for the self-diffusion study
denoted with the initial ‘D’, and ZnO single-layer films for
the TDH measurement denoted with the initial ‘S’. Two sorts
of zinc sources were adopted in the synthesis of zinc-isotope
Ga-doped ZnO heterostructure samples on c-oriented sap-
phire substrates by radio frequency plasma assisted mole-
cular beam epitaxy (rf-MBE): one was in its natural isotopic
ratio (labeled as "Zn), and the other was artificially enriched
with 99.4% *“Zn (labeled as *Zn). Ga-doped zinc-isotope
7ZnO heterostructures were synthesized with a top "ZnO:Ga
layer on a bottom ®ZnO:Ga layer, as schematically illu-
strated in the inset of Figure 1(a). Note that the ®*Zn isotope
atoms in the top "ZnO layer were chosen as the diffusion
source, while the bottom *ZnO layer was the diffusion
space. Reflection high-energy electron diffraction was ap-
plied in situ to monitor the whole epitaxial growth process
(Figure S1, Supporting information online). Diffusion an-
neals were performed in air for 2 h in a temperature range of
873-973 K. The concentration depth profiles of the Zn iso-
topes and dopants were characterized by SIMS with a Hiden
MAXIM Analyzer. For the SIMS analysis, 5 keV Ar" ions
with 200 nA current were used as the primary beam raster
over an area of 200 umx200 pm. The signal-to-concentration
calibration was performed using standard "ZnO and *ZnO
samples as a reference. The conversion of SIMS sputtering
time-to-depth profiles was performed by measuring the
crater depth using a Dektak 8 profilometer (Germany) and
assuming a constant erosion rate. The TDH measurements
were performed in an HL5500PC Hall Effect Measurement
System (Canada).

3 Results and discussion

The formation energy (E") of a point defect depends linearly
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Figure 1 (Color online) (a) ®*Zn concentration versus depth profiles in the as-grown D1-D3. A schematic illustration of the isotopic sample structure and
the ®*Zn diffusion source is shown in the inset; (b) Fermi level and carrier concentration versus temperature in the range of 523-753 K.
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on the chemical potential (¢) and the Fermi level (Eg). The
lower carrier concentration and mobility in O-rich Ga-doped
ZnO [27,28] implied the existence of acceptor-like point
defects with a lower E' in O-rich conditions. One possible
candidate (i.c., interstitial oxygen (O;)) can be reasonably
excluded considering its relatively high formation energy
and instability [14,29]. Meanwhile, intrinsic V, and dopant-
induced extrinsic Vg, -related complex defects are still under
debate. In the present work, the Ga-doped ZnO isotopic
heterostructures were conceived and prepared by rf-MBE
with designed growth conditions, such as Zn/O-rich growth
limit and Fermi level. Note that although the rf-MBE con-
ditions were away from thermal equilibrium, they are ex-
pected to capture the changing trends of the chemical
potential from O- to Zn-rich growth limits [11]. Therefore,
the amount and the species of these V,,-related compensa-
tion defects can be controlled to advantage the identification
of their natures and energetic properties because of their
different dependence on the chemical potential and the Fermi
level [14,16,22,23].

The growth conditions, including *Zn ("Zn) and O fluxes,
as well as the Ga dopant content, were kept the same for both
the top and bottom ZnO:Ga layers in each sample, respec-
tively. For different self-diffusion samples, the “*Zn and "Zn
fluxes changed, while the O flux remained constant in
making the concentrations of the compensating defects in the
samples vary from the Zn- to O-rich growth limit. The *Zn
and "Zn fluxes were the same for D1 and D2 (Zn rich), but
decreased for D3 (O rich). In contrast, D1 and D3 had a
similar Ga concentration (~1x10" ¢m™ and ~2x10" cm™,
respectively), which was one order of magnitude lower than
that of D2 (~1x10° em™). D1 was a reference sample with
the least compensation defects because it was prepared under
O-poor and fewer Ga dopant conditions [11,27,30]. In ad-
dition, in situ pre-annealing was deliberately performed at
the bottom **Zn0:Ga layer before the deposition of the top
"Zn0:Ga layer in D1 to dissociate the existing complex de-
fects [11]. Table 1 shows an overview of these samples. The
Zn isotopic atom’s self-diffusion profiles in these samples
will reflect the dependence of the Zn-related defect forma-
tion on the Zn/O-rich growth condition and Fermi level.

077311-3

Consequently, we can figure out its species and energetic
properties.

The curves in Figure 1(a) show the *Zn concentrations
versus depth profiles in the as-grown D1-D3. Interestingly,
the ®Zn tracing atoms in these samples manifested nearly
identical profiles, suggesting that the as-grown Zn diffusion-
related defects almost did not change with the varied Zn/O-
rich growth limit and Fermi level, which will be discussed
later. In addition, the Fermi levels E; (T) of D1-D3 were
derived by applying the TDH effect measurements in a
temperature range of 523-753 K (Figure 1(b)). The E; levels
of D1 and D3 almost remained the same as expected, but
lower than that of D2 at the corresponding temperatures.

As illustrated in Figure 2(a), the ®Zn atom diffusion in D1
became more pronounced at the elevated annealing tem-
peratures. This result was the same for D2 and D3 (not
shown here). Taking the curves annealed at 923 K as an
example, the diffusion of the ®Zn atoms was much more
enhanced in the order of D2, D3, and D1 (Figure 2(b)). These
findings indicated that the defects mediating the diffusion
process were more favorable under O-rich and high E;
conditions. Considering that only V,, and Zn; can be the
candidates dominating the self-diffusion process, the dif-
fusing mechanism can be ascribed to the V,, defect. This
finding was consistent with the broad consensus of the V-
mediated diffusion in ZnO [22,31,32].

The diffusion profiles were simulated using second Fick’s
law applying reflective boundary conditions with the as-
grown profile as the initial condition to obtain the Zn self-
diffusion coefficient (i.e., diffusivity D) [22,23]. Based on
the Arrhenius plots of the D values versus the corresponding
reciprocal absolute temperatures presented in Figure 3, the
diffusion activation enthalpy AH, can be extracted as
(1.49+40.05), (2.26+0.04), and (2.28+0.03) eV for D1, D2,
and D3, respectively.

AH, of the diffusion defect can be expressed as the sum of
the formation enthalpy AH; and the migration enthalpy AH,,
controlled by a thermally activated intrinsic point defect
mediated process. Under this assumption, for a certain point
defect, AH,, will not be affected by E; and u, and AH; is
linearly related to Ey and u. Specifically for V,,, AH;and AH,

Table 1 Growth conditions and electrical properties of the D- and S-series samples

Substrate tempera- L Ga concentration . Carrier concentration Mobility
Sample name ture (K) Growth limits (em™) Thickness (nm) (cm’) (em Vs
D1 873 Zn rich ~1x10" 620 —4.96x10"7 * 20.7 *
D2 873 Zn rich ~1x10% 680 -7.37x10" 24.2
D3 873 O rich ~2x10" 670 —4.80x10" 17.8
S1 873 Zn rich ~2x10% 350 —9.88x10" 17.5
S1 AI\]IO(;glr;g;iled at B -~ B B —6.81x10" 550

a) *An in-situ pre-anneal treatment was performed at the bottom “Zn0:Ga layer of D1 to further decrease the compensation defects in the bottom diffusion

space layer.
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Figure 2 (Color online) Diffusion profiles of the ®“Zn concentrations in the annealed D1-D3. D1 after annealing between 873 and 973 K (a) and D1-D3

after annealing at 923 K (b).
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Figure 3 (Color online) Arrhenius plots of the extracted **Zn self-diffu-
sion coefficient D versus the reciprocal temperature 1000/T. The solid lines
show the best fits to the self-diffusion coefficients. The inset manifests the
obtained activation energies for D1-D3.

should decrease under more O-rich and higher £ conditions.
The relatively low AH, ((1.4940.05) eV) for D1 was basi-
cally equal to the theoretically predicted migration barrier
(~1.4 eV) for V,, [14,19], suggesting that a direct diffusion
mechanism without the need of forming thermally activated
defects (the diffusing atoms simply jumped into the neigh-
boring vacancy sites) dominated the diffusion process as
expected (i.e., the activation enthalpy of D1 was essentially
determined by the migration enthalpy) [23,33]. However,
AH, for D2 (higher Eg) and D3 (more O-rich) was larger than
D1, differing from the abovementioned condition (AH,
should decrease under O-rich and high E; conditions) and
from our previous results on the Zn self-diffusion via ther-
mally activated intrinsic V,, defect at a relatively high-
temperature region [22].

First, the influence of the dislocation motion and the grain
boundary diffusion can be excluded because of the similar
crystal qualities for all samples (Figure S2). Their diffusion
coefficients were a few orders of magnitude higher than

those of volume diffusion, while their activation energies
should be much lower than the values listed here [34,35].

Intuitively, the diffusion process should not be solely
controlled by the intrinsic thermally activated isolated V.. In
fact, the regular curve of the diffusion activation energy
versus temperature can be divided into two parts: one of
intrinsic control and one of extrinsic control [36]. Con-
sidering the finding that AH, for D2 and D3 were obviously
larger than that for D1, the present diffusion process can be
reasonably attributed to the result of the Ga doping-induced
extrinsic defects rather than the thermally activated intrinsic
V.. The defect chemistry was completely dominated by the
extrinsic defects as the doping levels increased. Moreover,
AH, reached a minimum that corresponded to AH,,, the mi-
gration energy. Therefore, AH, of D1 was almost identical to
AH,, for the intrinsic Vg,

In this case, if the samples are doped further, AH, will
remain fixed, while D will increase because the concentra-
tion of the mobile defects will increase along with the in-
creased Ga dopant atoms. As illustrated in Figure 2(b), the
%Zn self-diffusion in D2 became more pronounced than in
D1 at the same annealing temperature, indicating that larger
quantities of extrinsic defects existed in D2 than in DI.
Excluding the influence of the intrinsic V,, introduced by the
thermal activation process, the enhanced self-diffusion be-
havior should only be caused by the dissociation of the V-
related complex (more accurately, the (Ga,,-V,,) complex
defect), which injected native defects during annealing [37].
The formation of the (Gay,-V,,) complex defects was much
easier in D3 because of its more O-rich growth condition,
which was why the ®Zn self-diffusion in D3 was also more
enhanced than in D1 at 923 K (Figure 2(b)). Furthermore, the
almost identical ®*Zn profile curves in Figure 1(a) served as a
solid evidence for this argument. The negligible influence of
the Zn/O-rich growth limit and the Fermi level on the ®Zn
concentration depth profiles of the as-grown samples in-
dicated that the available isolated Zn vacancies had an ig-
norable effect on the diffusion of Zn atoms. Nevertheless, the
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diffusion profiles at 923 K manifested a strong dependence
on the Zn/O-rich growth condition and the Fermi level. This
result suggested that the thermally dissociated Zn vacancies
from the (Gaz,-V,,) complex dominated the diffusion pro-
cess. In other words, the (Gag,-V,,) complex defect, instead
of the isolated V", should be the prevailing acceptor in Ga-
doped ZnO. AH, of D1 was approximately equal to AH,, (an
in situ pre-annealing was performed to the bottom *Zn0:Ga
layer of D1 to dissociate the complex defects and eliminate
their influence on the diffusion activation energy); hence, the
energy difference (~0.78 eV) between D2 (or D3) and D1
should be the activation enthalpy for the dissociation of the
(Gag,-V,,) complex, also known as the binding energy. It is
very close to the theoretical result (~0.75 eV) predicted by
the density functional theory (DFT) calculations [11]. The
binding energy of a complex is defined as the formation
energy difference of a complex and its constituents. Theo-
retically, it is usually unaffected by E; and ux variations,
which is quite consistent with our experimental findings.

The electrical compensation effect of the (Gay,-V,,)
complex and its binding energy were further corroborated by
the measurements of the temperature-dependent carrier
concentrations of the S-series samples. Under a similar
growth condition with D2, S1 was synthesized with a single
Ga-doped ZnO epilayer structure (Table 1). The electrical
activation energy of S1 was determined by fitting the carrier
concentration curve with the following equation: nxexp(—E,/
ksT) (Figure 4). The value (~(0.82+0.02) eV) well matched
the binding energy of the (Ga,,-V;,) complex defect in-
ferred from the zinc self-diffusion experiments (~0.78 eV),
which further confirmed that the electrical compensation in
Ga-doped ZnO should be induced by the dominant (Gag,-
V) complex acceptor defect [11].

Oppositely charged defects tended to form pairs and
complexes, thereby changing the charge and the number of
ionized donors. In Ga-doped ZnO, Ga,,” was easy to com-
bine with zinc vacancy to form the defect complex, the singly
charged (Gay,,-V,,), and the charge-neutral (2Ga,,-V,)’
defect cluster. The formation of the three-defect complex,
(2GaZn-VZn)0, is statistically difficult because its formation
requires the diffusion of Ga impurities. While the Ga diffu-
sion was much slower than the Zn self-diffusion because of

(GaZn7VZn)
complex
dissociation
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Figure 4 (Color online) Temperature dependence of the carrier con-
centration (n~T) over a temperature range of 593-773 K for S1. The Ar-
rhenius plot for the temperature range of 653-773 K and the linear fitting
are drawn in the inset.

the small impurity in the host-cation ratio [38], it is reason-
able that the dissociation of the (Ga,,-V,,) complex, instead
of (2Gay,-V,)", is mainly involved in the annealing process.
Therefore, after annealing at 1023 K, the carrier concentra-
tion of S1 increased from —9.88x10" to —6.81x10" cm ",
suggesting that a large number of (Gay-V,) were dis-
sociated along with the diffusion of the Zn atoms and the
annihilation of the zinc vacancies. Figure 5 demonstrates the
detailed thermodynamic process. As a result, the electrical
compensation effect caused by (Ga,,—V,,) was remarkably
weakened, and the conductivity was recovered.

4 Conclusions

In conclusion, the investigation of the Zn self-diffusion be-
haviors in ZnO:Ga isotopic heterostructures with varied Zn/
O-rich growth limit and Fermi level yielded the identifica-
tion of the (Ga,,-V,,) acceptor complex defect as the pre-
dominant compensating center in Ga-doped ZnO. Its
thermodynamic properties were successfully achieved by the
combined SIMS and TDH measurements on the designed
samples. The experimental binding energy of ~0.78 eV
agreed well with the theoretical result. A self-consistent

Figure 5 (Color online) Schematic thermodynamic process of the defect reactions in the annealing process, including the dissociation of the (Gaz,-V,)

complex, zinc atom diffusion, and annihilation of zinc vacancy.
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electrical activation energy value of (0.82+0.02) eV was
determined via the TDH measurements, further confirming
the prevailing role of (Gaz,-V,,) in compensating for the
carriers in Ga-doped ZnO. Overall, the results contribute to
both the essential understanding and the potential engineer-
ing routes of the (Gag,-V,,) complex defect in heavily Ga-
doped ZnO.

This work was supported by the National Natural Science Foundation of
China (Grants Nos. 11674405, and 11675280).
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