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The formation and evolution of the prominent and so-called E3 center in ZnO has been studied by
in-situ deep level transient spectroscopy measurements after on-line implantation of hydrogen (H)
and deuterium (D) ions at sample temperatures of ∼ 158 K and ∼ 285 K. The formation of E3 is
shown to involve migration and subsequent trapping of interstitial hydrogen (Hi), or deuterium, and
starts to occur already below 200 K. The concentration of implantation-induced E3 centers is rather
unstable and decreases gradually at temperatures around 300 K by an annealing process obeying
first-order kinetics. The process exhibits an activation energy of ∼ 0.85 eV and involves presumably
trapping of migrating Hi’s leading to passivation of the E3 centers. Further, the concentration of E3
centers is found to decrease rapidly during annealing in forming gas ambient at room temperature
and then to recover gradually during subsequent annealing in vacuum. The E3 center is tentatively
attributed to a complex between a Zn vacancy and three hydrogen atoms (H3VZn), supported by
recent theoretical results showing that a VZn in ZnO can accommodate up to five hydrogen atoms
in stable configurations [Hupfer et al. to be published (2016)].

I. INTRODUCTION

Hydrogen in semiconducting oxides can play many
roles. In interstitial form it often exhibits an amphoteric
behavior [1]. Substitutional H acts as a donor [20], with
the ability to compensate acceptors, and it is a strong
promotor of the commonly observed n-type conductiv-
ity of ZnO. Given typical growth conditions, hydrogen is
almost always present as a residual impurity in ZnO irre-
spective of the growth technique used. H gives also rise
to deep level defects, and it was recently shown to be in-
volved in the prominent defect level at ∼ Ec−0.3 eV (Ec

denotes the conduction band edge) which is observed in
most ZnO materials [11]. The Ec − 0.3 eV level was first
reported by Simpson and Cordaro [2] and later character-
ized in more detail and labeled E3 by Auret et al. [3, 4],
who showed that E3 is not influenced by MeV electron
or proton irradiation. Furthermore, the concentration of
E3 is also not affected by implantation of self-ions, i.e.,
O and Zn [5, 6], while seemingly contradicting results
are reported on the dependence on the annealing ambi-
ent [7–9]. Quemener et al. [8] found variations in the
concentration of E3 by about one order of magnitude
between nominally identical hydrothermal samples, im-
plying that the growth conditions have a crucial impact
on the E3 formation. However, post-growth treatment
of these samples in Zn-rich and O-rich ambient under
thermodynamic equilibrium condition did not affect the
E3 concentration, indicating an impurity-related defect
rather than an intrinsic one [10]. Indeed, Hupfer et al.
[11] presented recently unambiguous evidence for the in-
volvement of H in the E3 center by an enhancement of its
concentration of more than one order of magnitude after
H implantation at room temperature (RT) using doses in
the 1012 cm−2 range.

The atomic structure of E3 is not known as well as
the mechanisms controlling its formation and annealing.
In the present study, we show that E3 starts to form

already at temperatures below 200 K using in-situ deep
level transient spectroscopy (DLTS) measurements after
hydrogen (H) / deuterium (D) implantation at cryogenic
temperatures. Contrary to that of the free charge car-
riers (electrons), the formation of E3 involves migration
and trapping of interstitial H/D (Hi/Di). The excess
concentration of introduced E3 centers is rather unsta-
ble and disappears at RT via a first-order kinetics pro-
cess, possibly caused by trapping of migrating Hi’s (Di’s).
Finally, E3 is found to decrease in concentration after
annealing in forming gas ambient at RT and then to
gradually recover during subsequent annealing in vac-
uum (<∼ 1× 10−7 mBar); this implies H-passivation of the
donor-like E3 center and in accordance with recent theo-
retical predictions for complexes of zinc vacancies (VZn’s)
decorated with H’s [Hupfer et al. to be published (2016)],
E3 is tentatively attributed to a VZnH3 complex.

II. EXPERIMENTAL

Wafers of hydrothermally grown n-type ZnO (HT-
ZnO) purchased from Tokyo Denpa were cut into
5x5 mm2 sized samples. The samples were cleaned in
acetone and ethanol. After a 40 s treatment in boiling
H2O2 (31 %), 100nm thick Pd Schottky contacts were
deposited on the Zn-polar face using electron-beam evap-
oration. The Schottky contacts displayed a rectification
of more than two orders of magnitude between forward
and reverse bias (2 V and −2 V). In all measurements
we carefully monitored conductance versus bias voltage
which did not raise any concern in respect to leakage
current from a possible deterioration of the diode. The
samples were then implanted either with 325 keV protons
(H+) or deuterium ions (D+), with a projected range
of ≈ 2.0 µm, as estimated by Monte Carlo simulations
using the SRIM code [12]. The doses used were in the
range of 5× 1010 to 1.4× 1012 cm−2 and the implatations
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were performed in an online setup for in-situ sample char-
acterization by capacitance-voltage (CV) and deep level
transient spectroscopy (DLTS) measurements at our lab-
oratory. The sample temperature during implantation
was either ∼ 158 K or ∼ 285 K and the DLTS measure-
ments were then carried out while scanning the sample
temperature from 100 to 250 K using a refined version
of the system described in [13]. A reverse bias of −7 V
was applied with a filling pulse of 7 V and 50 ms dura-
tion. The bulk net carrier concentration was determined
through CV measurements (1 MHz probing frequency)
in the scanned temperature range. For E3 concentration
versus depth profiling a single rate window was applied,
and the temperature was held constant within ±0.5 K at
the maximum of the studied E3 peak, e.g., 158 K for a
rate window of (640 ms)−1. The steady-state bias voltage
was kept constant while gradually increasing the ampli-
tude of the filling pulse, and the depth profile was sub-
sequently extracted from the dependence of the DLTS
signal on the pulse amplitude.

III. RESULTS AND DISCUSSION

A. Formation of E3 during ion implantation

Figure 1 a) shows the net charge carrier concentration
(Nd) versus depth extracted from CV measurements be-
fore and after implantation with 325 keV deuterium ions
(dose 1× 1012 cm−2) at a sample temperature of 158 K.
Prior to the implantation, the samples exhibited an al-
most uniform Nd profile of ≈ 8× 1014 cm−3. The calcu-
lated profile in Fig. 1 a) was obtained using the SRIM
code [12] (dashed lines, shown at 1/3rd of scale). Af-
ter the 158 K implantation (Fig 1 (a) ), an immediate
increase in Nd is observed which generally follows the im-
plantation profile. Because of this increase in Nd and the
maximum applicable reverse bias voltage remaining the
same, the probed region becomes more shallow with dose
and the profiles cannot be monitored over the whole peak
depth range. The increase in Nd is, indeed, attributed
to the implanted D atoms, which like hydrogen can act
as a shallow donor but also exhibit a strong reactivity
with impurities/traps and efficiently passivate acceptor-
like defects [14]. At 158 K, the diffusivity of D is very low
[15] and only short range interaction is anticipated; thus,
the increase in Nd is primarily ascribed to the implanted
D atoms adopting an interstitial configuration acting as
shallow donors. A comparison with the calculated profile
in Fig. 1 (a) indicates that the interstitial fraction of the
implanted D atoms is on the order of ∼ 30 %. Moreover,
the increase in Nd remains stable when the temperature
is raised from 158 K to 290 K. Figure 1 b) shows the E3
concentration versus depth profiles for the corresponding
conditions as in Fig. 1 (a). In contrast to Nd, the in-
crease in E3 does not occur immediately after the 158 K
implantation but starts at higher temperatures (>∼ 170 K)
and continues at least up to 290 K. This implies a ther-
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Figure 1: Influence of isochronal annealing temperature fol-
lowing deuterium implantation (1 × 1012 cm−2) on the charge
concentration a) and the E3 trap concentration b). The cal-
culated profile in a) was obtained using the SRIM-code [12]
and is shown at 1/3rd of its scale.

mally activated process with migration of Di as a likely
candidate.

To investigate the dependency of the E3 concentration
on the implantation dose, two nominally identical sam-
ples have been implanted at 285 K with a series of succes-
sively increasing H and D doses. Nd and E3 profiles were
measured after each dose, and the results are depicted in
Figs 2 (a) and (b) respectively. In the insets of Figs. 2
(a) and (b), the data for the peak concentration in the
H and D implanted samples are compared. The shape
of the Nd and E3 profiles remain essentially the same as
a function of the accumulated dose and the peak values
increase linearly with both the H and D dose, except for
an apparent saturation in the E3 concentration at the
two highest H doses used. We have shown previously [?
] that implantation of He in nominally identical samples
with similar projected ranges do not produce an increase
in charge carrier concentration. Therefore any observed
increase in charge carrier concentration can unambigu-
ously be attributed to the implanted species rather then
formation of intrinsic defects. The rate of increase for
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Figure 2: Implantation dose dependency of Nd (a) and E3 con-
centration (b). The implantations were undertaken at 285 K
sample temperature. The profiles shown are taken from the
D-implanted samples, and the insets display the profile peak
values versus ion dose.

both Nd and E3 are, however a factor of ∼ 10 higher
in the H-implanted samples relative to the D-implanted
ones. In fact, the increase of Nd in the former samples
amounts to more than 95 % of the implanted H concen-
tration, implying that almost all of the H atoms act as
shallow donors with Hi as the prevailing configuration.
For the D-implated samples, the corresponding apparent
fraction is only ∼ 15 % and actually lower than that af-
ter the 158 K implant (∼ 30 − 35 %, Fig. 1 (a)). This
low apparent fraction of Di can be associated with the
higher defect generation rate per D+ ion relative to that
for a H+ ion, with a difference by a factor of ∼ 3 in
the implantation peak region, as estimated from SRIM
simulations. Accordingly, the probability for trapping of
migrating Di’s by implantation-induced intrinsic defects
leading to loss of the shallow Di donors is higher than
that for Hi. At 158 K, Di is almost immobile and a large
fraction remains in the interstitial configuration without
reacting with the ion-induced intrinsic defects. Further-
more, Zni, acting as a shallow double donor, is expected
to become mobile around RT and interact with other de-

fects, giving rise to a loss in the net carrier concentration
[16]. That is, the initial balance between the generated
Frenkel pairs of Zni and VZn is no longer valid and hence,
the actual fraction of Di may be larger than that esti-
mated from Fig. 2 (a), because of compensation by the
deep VZn acceptors.

For E3, the absolute increase in concentration with
ion dose is about a factor of 10 lower than that for Nd,
c.f. both the H- and D- implanted samples in Fig. 2.
The plateau occurring after a H-dose of ∼ 2× 1011 cm−2

is due to the increase in Nd and the limit of the maxi-
mum applicable reverse bias voltage, preventing monitor-
ing of the whole profile peak, similar to that for Nd in
Fig. 1. In the H-samples, E3 evolves almost instanta-
neously during the short duration (∼ 1 − 2 min) of im-
plantation at 285 K before cooling down to the DLTS
measurement temperature of ∼ 158 K. However, in the
D-samples the E3 evolution is considerably slower and
durations on the order of ∼ 1 h at 285 K are required
to reach the maximum concentration. That is, the E3-
profiles and values depicted in Fig. 2 for the D-samples
do not represent the fully developed (saturated) concen-
tration but the initial ones after 1 - 2 min duration. The
evolution of the E3-profiles with annealing time at 300 K
is shown in Fig. 3 (b) for a D-sample implanted at 158 K
to a dose of 1012 cm−2 and subsequently isochronally an-
nealed (10 min) at 170, 180, 240 and 290 K, c.f. Fig. 1.
The peak concentration increases from a starting value
of ∼ 7× 1014 to ∼ 2.5× 1015 cm−3 after ∼ 2 h before
a gradual decrease occurs. The difference in E3 gener-
ation rate becomes now only a factor of ∼ 3 (and not
∼ 8) between the H- and D-samples when considering
the maximum (saturated) concentration values. Accord-
ingly and as also corroborated by the data in Fig. 1(b),
Di (and Hi ) migration is a necessary condition for the
formation of E3 centers, with the migration of Hi being
faster then that of Di. Finally, the linear increase in the
E3 concentration up to at least a few times 1015 cm−3

with ion dose implies that the formation process invokes
trapping of the migrating Di’s (and Hi’s) by an abundant
defect/impurity. It is tempting to speculate that the trap
involves one of the implantation-induced primary point
defects, especially VZn as will be discussed in section IV.

B. Annealing kinetics of the E3 center

Figure 3 shows the evolution of the E3 and Nd pro-
files during isothermal annealing at 300 K of a sample im-
planted with D at 158 K (1× 1012 cm−2) and subjected
to isochronal annealing up to 290 K, c.f. Fig. 1. Nd de-
creases continuously with the annealing time whilst E3
increases initially, before decreasing.

Figure 4 displays the profile peak concentrations of Nd

and E3 centers versus annealing time at 300 K, extracted
from their depth-distributions exemplified in Fig. 3. In
the D-samples, Nd exhibits an initial and rapid decrease
during the first ∼ 30 min and for the E3 a corresponding
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Figure 3: Influence of isothermal annealing time at 300 K,
following the isochronal annealing in Fig. 1, on Nd a) and
E3 concentration b). The profiles are displaced in depth for
clarity.
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Figure 4: time dependence of the peak concentrations of ex-
cess E3 centers and excess charge carriers during isothermal
annealing at 300 K after deuterium and hydrogen implanta-
tion (1 × 1012 cm−2, 158 K).

increase takes place. Subsequently, both Nd and E3 show
an exponential decay but with a larger rate constant for
Nd. In the H-samples, a rapid initial decrease and in-
crease of Nd and E3, respectively, are not resolved before
the exponential decay starts. This is probably because
of an even more rapid process than in the D-samples and
that the peaks of the profiles are not possible to access
initially due to their high concentrations after the dose of
1× 1012 H/cm2. The decay rate of Nd is about a factor of
1.4 higher in the H-samples compared to the D-samples
and reflects presumably the difference in diffusivity be-
tween Hi and Di. For E3, the rate constants differ by a
factor of ∼ 5.5 in the two samples and may indicate an
influence on the annealing process by the ratio between
the concentrations of implanted species and generated de-
fects. According to SRIM simulations [12] and assuming
a survival factor of 2 % during dynamic annealing [17],
the ratio between implanted ions and generated VZn’s in
the peak region becomes ∼ 18 and ∼ 6 for the H+ and
D+ ions, respectively. Hence, a high ratio appears to pro-
mote the E3 loss rate and indicates that Hi and Di play
a role in the annealing process.

Figure 5 shows the Arrhenius plot of the rate constant
values deduced for the loss of E3 in four samples im-
planted with H under identical conditions (8× 1011 cm−2,
285 K) and then isothermally annealed at 290 K, 300 K,
310 K, and 315 K, respectively. An activation energy of
∼ 0.87(±0.05)eV is obtained with a pre-exponential fac-
tor of ∼ 2× 1010 s−1. A first order kinetics process (ex-
ponential decay) for the loss of E3 can occur via either
dissociation of the defect center or reaction with another
defect/impurity having about one order of magnitude (or
more) higher concentration than E3. In the first case, a
pre-exponential factor between 1012 and 1013 s−1 is ex-
pected. Thus, despite a considerable uncertainty by up
to one order of magnitude in the value extracted for the
pre-factor, dissociation is excluded as a likely process for
the loss of E3. Instead, a reaction with a species X of
sufficient concentration and diffusivity is favored and ap-
plying the theory for diffusion-limited reactions [18, 19],
one arrives at the condition Dx0 [X] ' 1016 cm−1s−1 in
order to account for the pre-factor of ∼ 1010 s−1 (Dx0

denotes the pre-exponential factor of the diffusivity of
X and [X] is the concentration of X). Considering
that the implanted H concentration in the peak region
is ∼ 4× 1016 cm−3 for the studied samples, as estimated
from SRIM simulations [12], Hi emerges as a viable can-
didate for X. Moreover, Hi is quite mobile in the range
of annealing temperatures employed and the activation
energy of ∼ 0.87 eV would then represent the migration
energy of Hi plus a contribution from a possible reac-
tion barrier between Hi and E3. Here, it should be
underlined that the migration process must be of short
range (< 100 nm) since secondary ion mass spectrometry
(SIMS) measurements did not reveal any broadening of
corresponding D concentration-versus-depth profiles af-
ter the E3 annealing (data not show); [30] Further evi-
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Figure 5: Arrhenius plot of the annealing rate constants for
the peak concentration of E3 centers after hydrogen implan-
tation. The rate constants were deduced from isothermal an-
neals performed at 290, 300, 310 and 315 K.

dence for the involvement of H in the annealing process
of E3 centers is given in the following section.

C. Influence of annealing ambient on E3

Figure 6 shows the depth-profiles of a) Nd and b) the
E3 concentration, without background subtraction after
the final annealing stage in Fig. 4. This sample was then
exposed to an atmosphere of forming-gas (N0.9 H0.1) at
a pressure of 5 mBar at 290 K for 15 min. Thereafter, the
sample was cooled down to 158 K and the ambient condi-
tion was restored to vacuum (< 1× 10−7 mBar). Nd and
E3 were then monitored by CV and DLTS measurements
at 158 K, respectively, after sequential isothermal anneal-
ing at 300 K for durations up to 28 h. The treatment
in forming gas ambient leads to a substantial reduction
of Nd and almost complete vanishing of E3. However,
during the subsequent 300 K annealing, both Nd and E3
recover gradually and eventually, their concentrations ap-
proach the initial ones at t = 0 in Fig. 4. Here, it
should be underlined that the contribution from E3 to
the recorded Nd profile in Fig. 6 (a) is strong and the
evolution of Nd is to a large extent governed by that of
E3.

The data in Fig. 6 comply strongly with the conclu-
sion that the E3 centers do not break up (dissociate)
during the post-implant annealing but are passivated by
the excess of Hi (or Di) introduced. The forming gas
anneal enhances this excess even further and also the
centers present prior to the implantation become passi-
vated. The recovery of E3 during the 300 K annealing
after the forming-gas treatment implies that the stability
of the passivated E3 centers is low and they dissociate by
releasing Hi’s and/or H2 molecules. This is in contrast
to the samples subjected to post-implant annealing only
where the E3 centers remain absent and do not reappear
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Figure 6: Dependence of the charge carrier concentration a)
and the E3 trap concentration b) on exposure to a forming-gas
atmosphere and subsequent isothermal annealing in vacuum
at 300 K (< 1 × 10−7 mBar).

after annealing in vacuum at RT for several months. Ac-
cordingly, the prevailing configurations of the passivated
E3 centers are different in the two cases where the one
after the forming gas treatment is presumably of higher
order, involving more H-atoms. During annealing, these
high-order centers break up via a process where E3 is re-
stored and the stable passivated configuration of E3, pre-
vailing in the post-implant annealed samples, does not
occur. That is, the release of H by high-order centers is
not necessarily sequential with respect to Hi but could
also involve H2 molecules. In the following section IV, ev-
idence for an assignment of E3 to a VZn accommodating
three H-atoms, H3VZn, will be put forward.

IV. THE ORIGIN OF E3

H+ and D+ ions with energies in the keV range ex-
hibit a low density of elastic energy deposition and for
doses in a dilute regime, such as those employed in the
present study, elementary point defects in ZnO prevail:
Zni, VZn, Oi and VO. In addition, dynamic annealing
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during ion bombardment is pronounced in ZnO, further
reducing the rate of defect generation [17]. In the studied
samples, EF is located ∼ 0.2 eV below EC at RT and VZn

appears in its double negative charge state (V 2−
Zn ) whilst

Zni is double positively charged acting as a shallow donor
(Zn2+

i ) [20, 21]. VO is a deep double donor anticipated to
be in the neutral charge state [20, 21] while its Oi partner
can be both electrically inactive as well as acceptor-like
depending on the atomic configuration [21]. It a split con-
figuration, Oi(split), it exhibits no electrical activity but
in an octahedral one, Oi(oct), it acts as a deep double
acceptor. For EF ' (Ec − 0.2)eV, Oi(oct) is thermody-
namically favorable according to total energy calculations
based on DFT [21] and a transformation from Oi(split)
to Oi(oct) can be expected, albeit with a substantial en-
ergy barrier on the order of ∼ 1.2 eV [16]. The almost
one-to-one proportionality (0.95:1) between the increase
in Nd and the implanted H peak concentration, as found
in section III A, implies a minor (if any) net charge com-
pensation by the total of Zni, VZn, Oi and VO. That is,
a close charge carrier balance holds with Oi(split) as the
prevailing configuration and Hi as the dominant shallow
donor. For the D-implanted samples, the corresponding
proportionality constant is ∼ 0.3, presumably indicating
a larger concentration of Oi(oct) in this case as also ex-
pected due to the higher defect generation rate per ion.

The most obvious intrinsic defect interacting with mi-
grating Hi’s is VZn because of the Coulomb attraction and
the large gain of ∼ 4 eV in total energy by the reaction
Hi

+ + V 2−
Zn −−→ HV −

Zn [22]. The same holds for the reac-

tion Hi
++HV −

Zn −−→ H2V
0
Zn leading to a fully passivated

complex with zero effective charge and an energy gain
of almost 3 eV [22]. The existence of HVZn and H2VZn

has been confirmed experimentally by Fourier Transform
Infrared (FTIR) spectroscopy monitoring different local
vibrational modes of H [23, 24]. Further, recently Herk-
lotz et al. [25] presented experimental evidence also for a
H3VZn complex and the thermodynamic stability of such
a complex, having donor-like character, was corroborated
by first-principles calculations. In fact, theoretical predic-
tions by Hupfer et al. [22] suggest that VZn can accom-
modate up to 5 H atoms in thermodynamically stable
configurations. The stability of the large H5VZn complex
is promoted by self-passivation of the H’s, which removes
one electron from the conduction band and radically low-
ers the formation energy of the complex. On the basis of
these considerations, the following reaction scheme is put
forward for interpretation of our experimental annealing
kinetics data for the E3 center:

Hi + VZn −→ HVZn (1)

Hi + HVZn −→ H2VZn (2)

Hi + H2VZn −→ H3VZn (3)

Hi + H3VZn −→ H4VZn (4)

Hi + H4VZn −→ H5VZn (5)

where Hi is the only mobile species. The correspond-

Hydrogen Deuterium
[Hi], [Di] 2.01 × 1016 cm−3 1.11 × 1016 cm−3

([Hi]/[VZn]), [Di]/[VZn])t=0 4.5 4.6
R1 50 Å 48 Å
R2 40 Å 37 Å
R3 7 Å 7 Å
R4 0.15 Å 0.06 Å
R5 0.2 Å 4.1 Å
DHi0

3.8 × 10−3 cm2s−1 2.4 × 10−3 cm2s−1

Table I: Parameters used for the simulation results shown in
Fig. 4 as obtained by least-squares fitting of [H3VZn] to the
E3 data. R1 to R5 are the capture radii for reactions (1) to
(5), respectively.

ing coupled differential rate equations are given in Table
I, derived by applying the theory for diffusion-limited re-
actions [18, 19]. In a first approximation, only the peak
region of the implanted samples is considered and concen-
tration gradients are neglected due to the short diffusion
lengths involved with no observable profile broadening.
Moreover, the influence of VO as a competing trap for
the migrating Hi’s is omitted since the so-called E4 level,
commonly associated with VO [10, 26, 27], exhibits a gen-
eration rate of at least one order of magnitude below that
of E3 in H implanted samples [27].

The E3 center is tentatively assigned to the H3VZn com-
plex, both being single donors. The H4VZn complex is a
double donor while H5VZn becomes a single donor be-
cause of the H self-passivation. As illustrated in Fig. 4,
the simulated evolution of H3VZn at 300 K displays a close
agreement with the experimental data for E3 in both the
H and D samples, supporting the proposed assignment.
The parameters used in the simulations are given in Ta-
ble I and their values were obtained by least-squares fit-
ting of H3VZn to the E3 data. The large capture radii of
the reactions (1) and (2) reflect the Coulomb attraction
between H+

i and the negatively charged V 2−
Zn and HV −

Zn

centers. For H2VZn, the radius becomes ∼ 7 Å which is
a typical value for an interaction determined by defect
geometry and no Coulomb force present. In contrast,
H3VZn exhibits a radius of only ∼ 0.15 Å and ∼ 0.06 Å
in the H and D samples, respectively, which implies a
reaction barrier on the order of ∼ 0.1 eV of reaction (4)
with H3VZn being in its neutral charge state. For H4VZn,
the radius is again given by defect geometry indicating
that the complex is neutral at 300 K and thus being a
deep donor. In accordance with Refs. [15, 28], the acti-
vation energy for migration of Hi and Di was put equal
to 0.6 eV in the simulations whilst the pre-exponential
factors were treated as fitting parameters. The values ob-
tained for the pre-factors are in the range anticipated for
an ’ordinary’ interstitial diffusion mechanism [29], and
furthermore, the ratio between the values for DHi

and
DDi

is close to the inverse square root of their atomic
mass ratio (∼ 1.57 versus 1.41). The higher diffusivity of
Hi together with its larger apparent probability for cap-
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ture in reaction (4) account for the more rapid annealing
of E3 in the H samples than in the D ones, Fig.4. Here, it
should be noted that the difference in apparent capture
radius between Hi and Di for the reaction (4) translates
into a difference in energy barrier by only ∼ 25 meV (
∼ 90 meV versus ∼ 115 meV).

The simulations yield that ∼ 65 % and ∼ 30 % of the
implanted H and D peak concentrations are involved in
the reactions (1) - (5), respectively. This is similar to the
experimental results for Nd showing a higher net concen-
tration of Hi than of Di. Further, a ratio of ∼ 4.5 is ob-
tained for both [Hi]/[VZn] and [Di]/[VZn] at t = 0, which
is consistent with the previous estimate for D ions in sec-
tion III B, assuming a defect survival fraction of 2 % dur-
ing dynamic annealing, but considerably smaller than the
estimate for H ions. However, the spatial distributions
of implanted ions and generated VZn’s are more confined
and more separated with less straggling and overlap in
the H samples than in the D ones, as revealed by SRIM
simulations [12]. This reduces the probability and rate for
the reactions (1) - (5) to occur in the H samples, i.e., the
effective ratio [Hi]/[VZn] becomes less than that deduced
from the peak concentrations of their projected depth dis-
tributions. In addition, the overlap is also suppressed by
the limited diffusion lengths involved, evidenced by no
detectable broadening of the implantation profiles mea-
sured by SIMS.

To summarize, the reactions (1) - (5) with the E3 cen-
ter assigned to H3VZn account reasonably well for the
experimentally observed behavior of E3. This holds not
only for the annealing kinetics in both the H- and D-
implanted samples, qualitatively also for the response of
E3 on forming gas annealing, Fig.6. In the latter case,
H3VZn is eventually transformed into H5VZn because of
the H-rich ambient condition and where H5VZn is a deep
donor being electrically neutral at RT. The assignment
conforms also to results from first-principles DFT calcu-
lations of the HnVZn complexes [22]. However, despite
theses strong indications further work still remains for an
unambiguous identification of the E3 center, e.g., DLTS
measurements in combination with uniaxial sample stress
should be pursued to reveal the symmetry of the center.

V. CONCLUSION

Using an on-line setup for in-situ DLTS and CV mea-
surements, it is shown that the net carrier concentration
Nd in n-type HT ZnO samples increases and saturates
immediately after low dose 1× 1010 - 1× 1012 cm−2 im-
plantation by 325 keV H+ and D+ ions at 158 K. This
evidences the presence of Hi and Di, acting as shallow
donors, and especially, in the H-samples an almost one-
to-one proportionality holds between the implanted ion
concentration and the increase in Nd. For the D-samples,
the corresponding proportionality factor is lower, ∼ 0.3,
which is attributed to the higher defect generation rate
per ion, enhancing the probability to form other defects
involving D and/or compensating intrinsic defects. In
contrast to Nd, [E3] does not grow immediately after the
158 K implant and the formation invokes a thermally acti-
vated process, most likely migration of Hi (Di). Further,
the increase of [E3] is linear with ion dose, exhibiting no
indication of saturation in the 1× 1015 cm−3 range. It is
argued that a primary and abundant ion-induced defect
is involved in the trapping of migrating Hi (Di) to form
E3, with VZn as the prevailing candidate. Annealing of
the implantation-induced E3 centers obeys first-order ki-
netics with an activation energy of ∼ 0.85 eV and takes
place already at 300 K on the time scale of 10 - 100 h.
In addition, treatment in forming gas ambient at 300 K
gives rise to a rapid decrease of [E3]. However, E3 can be
fully recovered during subsequent treatment in vacuum
ambient. A kinetics model where E3 is assigned to a
H3VZn complex, inferred from recent first-principles cal-
culation results [19], and being passivated/transformed
to higher order HnVZn complexes (n > 3) through reac-
tion with migrating Hi (Di) is shown to give good quanti-
tative agreement with the experimental annealing data.
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Council through the FriPro program (WEDD project)
and Norwegian PhD Network on Nanotechnology for Mi-
crosystems.
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C. Mart́ınez-Tomás, V. Muñoz-Sanjosé, T. Ohshima,
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