Formation of Zn- and O- vacancy clusters in ZnO through deuterium annealing
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Open volume defects, clearly distinguishable from the isolated Zn-vacancy are observed in hy-
drothermally grown ZnO after exposure to deuterium gas at elevated temperatures. From a combi-
nation of secondary ion mass spectrometry (SIMS), positron annihilation spectroscopy (PAS) and
density functional theory (DFT) calculations it is found that as a result of this treatment vacancy
clusters consisting of minimum one Zn- and one O-vacancy are formed, in contrast to introduction
of isolated O-vacancies. A scenario for the cluster formation is proposed, where Zn- and O-vacancies
originate from the bulk of the sample and the sample surface, respectively. A fraction of the vacancy
clusters are decorated by Li and/or H and may therefore be indirectly observed by SIMS. The peak
in Li-concentration at about 100nm below the sample surface, as observed by SIMS is in good

correspondence with the PAS-results.

I. INTRODUCTION

Intrinsic defects in ZnO have attracted substantial re-
search interest, due to their direct impact on the elec-
trical properties of the material. Controlling the dif-
ferent intrinsic defects is therefore the key to utilizing
Zn0O in a vast range of applications. Among the most
studied intrinsic defects are the oxygen- (Vo) and zinc-
vacancies (Vz,). The formation energies of Vo and Vg,
are predicted to be lower than those of their intersti-
tial counterparts, zinc interstitial (Zn;) and oxygen in-
terstitial (O;).[1, 2]. Hence, when the material is ex-
posed to Zn-rich and/or reducing conditions, Vo will
dominate in concentration as compared to Zn;. In con-
trast to these predictions Vg is typically not observed
in ZnO exposed to different thermal treatments, but
frequently appears in samples that have been exposed
to conditions far from its thermodynamical equilibrium,
e.g., through electron irradiation experiments[3]. In elec-
tron irradiated samples the Vo has been identified using
electron paramagnetic resonance (EPR) spectroscopy (g-
value ~1.99)[4-7]. Vyz,, on the other hand, is typically
observed in as-grown material and found to be the dom-
inating compensating acceptor in n-type ZnO.[8] Its be-
havior has been studied, e.g,. by positron annihilation
spectroscopy (PAS), a technique especially sensitive to
negatively charged open volume defects.[9]

Although Vo and Vyz, have been extensively studied,
less is known about larger vacancy clusters. There are
several observations from PAS of open volume defects
different from the Vz, and with a larger open volume
emerging in samples implanted with various elements,
e.g., H, N and Al, were the defect is argued to consist of
clusters of vacancies[10-14] In a similar study, Chan et
al.[15] directly observed the formation of microvoids in
cross sectional transmission electron microscopy images
on samples implanted with 1x107cm™2 H at 100 keV
and exposed to post implantation annealing at 600 °C.

In a study by Chen et al. samples exposed to a dose
of 5.5x10%cm=2 3 MeV electrons followed by post ir-

radiation annealing, two different defects was observed;
One was identified as the isolated Vyz,, while the other
was tentatively identified as a Vy, Vo-complex. Recently,
such a di-vacancy complex consisting of Vz, and Vo
was identified in neutron irradiated ZnO samples us-
ing EPR, directly confirming their existence.[16] Further-
more, Makkonen et al. [17] predicted from density func-
tional theory calculations that vacancy clusters formed
by different numbers of Vz, and Vo can be observed by
and to a certain extent distinguished by PAS.

In this study, we report on the observation of open vol-
ume defects larger than the isolated Vyz,, formed by heat
treatment in deuterium gas (Dg). These clusters are sug-
gested to form due to in-diffusion of Vg from the surface
followed by a defect reaction with Vyz,, initially present
in the as-grown material, and effectively trapping both
Vo and Vg, into a stable cluster, thereby preventing the
introduction of isolated V¢ and resulting in a redistribu-
tion of Vyz,. Such a vacancy clustering may also explain
the discrepancy between the predicted formation of iso-
lated Vo and the lack of experimental observation of Vg
in samples exposed to reducing and/or Zn-rich conditions
during heat treatment.

II. METHODOLOGY

Five samples originating from two similar wafers of n-
type HT-ZnO supplied by SPC-Goodwill were used in
this study. One sample was kept as an as-grown reference
sample (labeled AsG). Three samples were heat treated
in a closed quartz ampule filled with 0.5 Bar of wet (D20)
(D2)-gas at 600 °C, 650°C and 700 °C labeled D-600, D-
650 and D-700, respectively. The final piece was heat
treated at 1500 °C for 1h, followed by polishing of the O-
face and subsequent heat treatment at 1100 °C for 1h to
remove defects induced by polishing (labeled LowLi).[18]
The samples AsG and LowLi can be viewed as reference
samples with and without Li.

D and Li concentration profiles were obtained by sec-
ondary ion mass spectrometry (SIMS), using a Cameca
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FIG. 1. D- (dashed lines) and Li- (solid lines) concentration
measured by SIMS after hydrogenation in an ampule filled
with 0.5 bar D2-gas in the range of 600 — 700 °C.

IMS7f microanalyzer. The concentration calibration was
performed using implanted reference samples, which re-
sults in an uncertainty in the concentration values of less
than 10%. A concentration of 2x10'7 Li/cm?® was found
in the as-grown (AsG) sample.

For the Doppler broadening experiments mono-
energetic positrons were implanted into the ZnO samples
at room temperature. The implantation energy of the
positrons was varied in the range of 0.5—38 keV, giving a
mean positron implantation depth of 0.05—2.4 um. The
Doppler broadening of the annihilation radiation was de-
tected by two high-purity Ge detectors with an energy
resolution of 1.24 keV at 511 keV. The data were analyzed
using the conventional S- and W-parameters, defined as
the fractions of counts in the central S, |E — 511keV|
< 0.8keV (corresponding to electron momentum of j0.4
a.u.), and the wing W, 2.9keV < |E—511keV| < 7.4keV
(1.6 - 4.0a.u.), parts of the recorded photon spectrum.

S and W parameters for different defect configurations
have been calculated based on density functional theory
(DFT) in the local density approximation (LDA) [19]
as implemented in VASP[20, 21] and models for predict-
ing positron states and annihilation in defects in solids.
Technical details of the formalism to calculate the PAS-
parameters can be found in Ref.25, and the supercell
and technical details of the ZnO defect calculations are
the same as used in Ref. 17. This approach is well-
established and has been proven successful in various
PAS studies|9].
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0 02 04 06 08 1
0.07
eovvvﬁiiiwivv vevewvéde
5]
0.06 g™
m
v ® AsG - reference
= B D-700, D,-gas 700°C 1h
0.04 ¥ LowlLireference
0.03 . . .
048§ : : :
047}
7]
048} m
V¥V m
0 045
044W "
i 5]
5]
043 Yeg a -
Ll ¥UUyvuBUSge T gy s

i} 02 04 06 08 1
Mean implantation depth (um)

FIG. 2. Absolute W- and S-parameter measured in the as-
grown B-1, the hydrogenated B-2 and the Li-lean B-3 samples.
The increased (decreased) signal close to the surface as seen
for S(W) in sample B-1 and B-3 is due to surface annihila-
tion. The signal observed in B-1 is a result of both surface
annihilation and annihilation in sub surface positron traps.

IIT. RESULTS

Figure 1 shows the D and Li concentration profiles ob-
tained by SIMS-measurements for the samples D-600, D-
650 and D-700, which all were exposed to deuterium in
a closed ampule while heat treated at temperatures in
the range from 600 — 700 °C. The SIMS results show a
substantial accumulation of both D and Li about 100 nm
below the sample surface. The Li peak concentration
is in the range of (2-4)x10'® cm~3. Furthermore, for
sample D-650 and D-700 a notable reduction of the Li-
concentration in the range between 0.5 and 1pm is fol-
lowed by an increase in the Li-concentration as a func-
tion of increasing depth. For D the peak concentration
reaches ~1x10' cm ™2 in the D-600 and D-700 samples,
while in the D-650 sample it is about one order of mag-
nitude lower ( 1x10'8 cm=3).

Figure 2 shows the absolute W and S- parameters plot-
ted as a function of mean positron implantation depth for
the AsG and hydrogenated sample D-700 together with
the Li-lean reference sample, LowLi. The increase (de-
crease) in the signal observed from the surface down to a
depth of approximately 100 nm for the W(S) parameter
in the as-grown (B-1) and Li-lean (B-3) sample originates
from positrons that diffuse towards the sample surface
and annihilate there. An apparently similar behaviour
of the data is observed for the S- and W-parameters in
the D-700 sample, but it extends deeper (about 300 nm)
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FIG. 3. The W- parameter is plotted as a function of the
S-parameter as observed in the as-grown B-1 and the hydro-
genated B-2 samples. The data are shown as normalized to
the S and W parameters of a sample giving the parameters of
the ZnO lattice[8]. The dashed line is referred to as the Vz,
- line, running between the bulk- and the saturated Vz, an-
nihilation parameters. [8, 9] In addition, the result of heavy
05 '-irradiation (W = 0.735 and S =1.09) is plotted[12, 27]
and the dotted line is added as a guide to the eye. Fur-
thermore, a dash-dot line is also added as a guide to show
the influence of the surface annihilation on the experimental
data.
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FIG. 4. W- and S-parameter annihilation parameters esti-
mate based on DFT. The two black circles represent bulk
and Vzy, respectively. The red stars represents mVz,-nVo
clusters where m and n are integers given as (n,m) for the
different configurations. The green diamond represent Lizy,
green and blue diamonds Liz,Ho, and green circles Liz,-nVo
clusters.

with a higher amplitude as compared to the AsG and
LowLi samples. This effect overlaps in depth with the
large accumulation of D and Li as observed by SIMS.

H and D atoms are relatively mobile in ZnO with lim-
ited solubility[28, 29], but can readily be trapped and
form more stable defect complexes. They only occur in
the positive charge state[30], and are known to passivate
acceptor type defects.[2, 31-34]. Thus H and D can be
used as probes for defects in a similar manner as has been
shown for Li[35, 36]. Hence, the accumulation of impu-
rities below the sample surface is most likely explained
by the presence of defects. Furthermore, judging from
the variation in peak concentration of Li and D in the
samples D-600, D-650 and D-700 (Fig. 1) the accumula-
tion is limited by the number of D and Li atoms avail-
able to decorate the defects and not by the underlying
defect concentration, which is not visible in the SIMS-
measurements. Furthermore, a trap for hydrogen is also
expected to trap positrons, since both H and positrons
will be trapped by acceptor type defects. In view of this,
it can be concluded that the increased value of the S and
W parameters observed in Fig. 2 for the hydrogenated
sample (D-700) originate from annihilation in open vol-
ume defects situated below the sample surface.

In order to identify this defect, figure 3 shows the W-
parameter as a function of the S-parameter for the as-
grown (AsG) and the hydrogenated (D-700) samples. In
addition, previously reported parameters for saturated
annihilation at the Vz, (W = 0.79 and S = 1.049)]8, 9],
the result after heavy O, '-irradiation (W = 0.735 and S
=1.09)[27] and a guide to the eye (dash-dot line) show-
ing the influence of the surface annihilation is plotted for
reference in figure. 3. For both the AsG- and D-700-
samples the five data-points with the highest S-values
correspond to positrons implanted with a mean implan-
tation depth of less than 100nm, where a significant
amount of positrons diffuse towards and annihilate at
the surface.

In the AsG-sample most of the data-points are con-
centrated around the position previously identified as the
annihilation parameters for Liz, [37] and also stretching
towards the Vg, saturation trapping parameters and the
surface annihilation state. For the D-700 sample, two
differences are evident: (i) the data-points correspond-
ing to the deepest mean implantation depth have shifted
slightly towards the bulk parameters as compared to
the data-points obtained for the as-grown sample (AsG).
This shift reflects the lower Ligz,-concentration in the
bulk of the hydrogenated sample, see figure 1. Alter-
natively, this shift could be explained by a passivation
of Liz, by deuterium as seen in Ref. 32. However, in
this case the annihilation parameters should have shifted
towards the Vgzp-line and not the ZnO-bulk value. (ii)
the data-points are located to the right of the Vy,-line,
i.e., with a contribution to the annihilation parameters
(W and S) originating from a defect with larger open vol-
ume than isolated Vyz,, thus excluding isolated Vz,s as
a candidate for the observed open volume defects.



Another open volume point defect to consider is Vg.
Hydrogen gas is well known to lead to decomposition of
ZnO, a process that is commonly utilized for vapor phase
growth.[38] This behavior may, e.g., be explained in view
of formation energies of the involved defects, which are
predicted to increase from Vo, to interstitial H (H;) and
even higher for Zn;.[2] In other words, Vo is the defect
most likely to form while the Zn; is the defect least likely
to form. Hence, when ZnO is exposed to Dy-gas at ele-
vated temperatures, there are in general two possibilities,
(i) the gas will react with ZnO to form D20 and O-poor
ZnO and/or (ii) D will be dissolved in ZnO, e.g., forming
interstitial D (D;). For (i) both Vo and Zn; may result
from such a reaction, however, the large difference in for-
mation energy between these two defects (in the order of
2-3 eV[2, 39]) will strongly promote the formation of Vg
and lead to only minute concentrations of Zn;. Further-
more, since D; has a higher formation energy than Vo,
it can be assumed that Vo will be more efficiently intro-
duced as compared to D;. Thereby making Vo a prime
candidate to take part in the observed open volume de-
fect. Room temperature Doppler Broadning experiments
are, however, not sensitive to isolated Vo, which there-
fore excludes this possibility and leads us to consider the
formation of vacancy-clusters. Interestingly, the forma-
tion of such a cluster can be viewed as the first step of
ZnO decomposition.

As argued above, Vg is introduced at the surface, while
Vzu is typically observed to exist in the as-grown mate-
rial, either as isolated Vz, or filled with Li (Lizy).[37]
From figure 3 it can be seen that the WS-plot is dom-
inated by Liz, confirming the presence of Liz, in the
as-grown sample. Furthermore, the minute concentra-
tion of Zn;, will not be enough to remove the Vg, from
the sample. When heating to 700°C for 2h it can be
estimated (assuming first order dissociation kinetics and
an activation energy of 3.57¢V[40]) that more than 2%
of the Li will be dissociated from the Zn-site into the Li;.
Li; is highly mobile at these temperatures[41], however,
as the sample is cooled down, Li; will be trapped at, and
thereby decorate, any available defect, e.g., Vz,. From
figure 1, it can be seen that a substantial amount of Li
accumulate at the sample surface, and in addition both
Li and D are observed to accumulate in the region of the
open volume defects in the hydrogenated sample D-700.
As a side-note, it should be mentioned that the accumu-
lation of D is an important result since this type of treat-
ment is a commonly used method to introduce H or D in
ZnO, where the H or D concentration is typically assumed
to be uniformly distributed within the material.[42—44]
From first principle calculations the Vz, migration bar-
rier is estimated to be about 1eV.[45, 46] Thus Vg, is
also expected to be mobile at these temperatures and
may redistribute. In fact, the Li gradient observed from
a depth of 0.8 um and deeper combined with the accu-
mulation of Li and D peaking at 100 nm, shows that Vyz,
has diffused towards the sample surface due the presence
of a Vz,-sink/trap. Vo diffusing in from the sample sur-

face may react with Vy,, resulting in the formation of
an immobile di-vacancy complex (VoVz,) acting as the
observed trap and thus explain both the Li and D con-
centration profiles as observed by SIMS and the presence
of open volume defects larger than the isolated Vg, as
observed by PAS. In contrast, heat treatment in air will
not introduce Vg or any other trap for Vyz,, thus even
though both Li and Vz, will be mobile under these con-
ditions V7, will be distributed homogeneously and as the
sample is cooled down no redistribution will be observed.

In figure 4 the W- and S-parameters are shown for
the Vyz,, together with different configurations of the
Vz. Vo cluster with and without Li, as obtained by DFT-
calculations. Interestingly, it is predicted that Vz,Vo
complexes trap positrons and shift the annihilation pa-
rameters to higher S-values (to the right in the S-W-plot)
as compared to the isolated Vyz,, due to the removal of
O 2p electrons with the introduction of Vg.

By comparing figure 3 with figure 4 one can observe
that several of the calculated defect clusters may corre-
spond to the W- and S-parameter observed for the open
volume defect in the hydrogenated sample. However,
the observed defect clearly shows an increase in the S-
parameter compared to the isolated Vz,. As discussed
in the recent paper by Makkonen et al. [17], the ad-
dition of Vg to the complex results in an increased S
parameter, while the addition of Vg, primarily results in
a reduction of the W-parameter. The addition of Li on
the Zn-site reduces the open volume of the defect and
results in the W- and S-parameters to shift closer to the
bulk values, but still positioned above and to the right
of the Vy,-line. Furthermore, from figure 4 it is shown
that a combination of both H and Li residing on the, O-
and Zn-site, respectively, result in annihilation parame-
ters positioned exactly on the Zn-vacancy line, excluding
this option. Equal numbers of Vg, and Vg is expected
to result in a neutrally charged defect. Increasing the
number of Vg will render the defect positively charged,
thereby reducing the trapping rate for positrons. Thus
the fraction between Vo and Vy, in the observed defect
must be limited. Furthermore, a neutral Vz,Vo would
fit with the notion in Ref. 10 that the observed defects
are weaker positron traps as compared to charged accep-
tor states, e.g., No and Liz,. From the positron data it
is not possible to distinguish between vacancy complexes
with or without D or Li, however, SIMS-data (Fig.1) sup-
port that at least a fraction of the complexes observed in
sample D700 also contain D or Li.

IV. CONCLUSION

The exposure of ZnO to Ds-gas at elevated temper-
atures have lead to accumulation of D and Li peaking
at about 100 nm in depth accompanied with a reduction
in the bulk concentration of Li. Positron annihilation
spectroscopy show the presence of open volume defects
with larger open volume than the isolated Zn-vacancy.



DFT calculations of the annihilation parameters of a
range of defect complexes indicates that the formation
of a Vo Vyz,-complex possibly filled by D and/or Li is
responsible for the observed accumulation of D and Li.
The presence of vacancy complexes close to the surface
may strongly affect, e.g., the electrical properties of ZnO
and would explain the lack of observation of isolated Vo
in samples treated in reducing or Zn-rich samples.
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