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ABSTRACT
Injection of interstitial atoms by specially prepared surfaces submerged in liquid water near room temperature offers an attractive approach for
post-synthesis defect manipulation and isotopic purification in device structures. However, this approach can be limited by trapping reactions
that form small defect clusters. The compositions and dissociation barriers of such clusters remain mostly unknown. This communication
seeks to address this gap by measuring the dissociation energies of oxygen interstitial traps in rutile TiO2 and wurtzite ZnO exposed to
liquid water. Isotopic self-diffusion measurements using 18O, combined with progressive annealing protocols, suggest the traps are small
interstitial clusters with dissociation energies ranging from 1.3 to 1.9 eV. These clusters may comprise a family incorporating various numbers,
compositions, and configurations of O and H atoms; however, in TiO2, native interstitial clusters left over from initial synthesis may also play
a role. Families of small clusters are probably common in semiconducting oxides and have several consequences for post-synthesis defect
manipulation and purification of semiconductors using submerged surfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0230224

I. INTRODUCTION

Injection of interstitial atoms into semiconducting oxides by
specially prepared surfaces submerged in liquid water near room
temperature offers an attractive approach1–3 for post-synthesis
manipulation of atomic-scale defects and isotopic purification in
device structures. In binary oxides, for example, injection of oxy-
gen interstitials (Oi) eliminates O vacancies and helps neutralize
unintentional donors,4,5 including adventitious hydrogen.6–10 Exist-
ing methods for defect control11–14 usually involve high temper-
atures that generate undesirable defects,15 induce phase changes,
and degrade nanostructures. Fast injection has the added benefit of
generating steep interstitial gradients, which couple with statistical
differences3 in the effective diffusivities of majority and minority
isotopes to yield efficient isotopic fractionation.16

The promise of surface interstitial injection can be limited
by trapping reactions that form small defect clusters.17,18 Such
trapping restricts the penetration depth and steepens the near-
surface concentration gradient of interstitials, complicating and
possibly restricting both defect manipulation and isotopic fraction-
ation.19 Control of interstitial cluster dissociation through care-
ful selection of annealing protocol has long been employed to
optimize doping in silicon by ion implantation.20–24 However,
most defect clusters that are generated this way contain many
atoms that are strongly bonded. Therefore, the clusters require
high temperatures to dissociate. By contrast, interstitial injec-
tion into metal oxides near room temperature creates mainly
small clusters. For example, small clusters can form in TiO2,3,25

ZnO,26,27 SnO2,28 In2O3,28,29 HfO2,30 Ga2O3,31–33 and UO2.34,35

Such clusters seem to be less strongly bonded; however, the
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possible compositions and dissociation barriers remain mostly
unknown.

This communication seeks to address this gap by measuring
the dissociation energies of Oi clusters in rutile TiO2 and wurtzite
ZnO immersed in liquid water. Isotopic self-diffusionmeasurements
using 18O, combined with isochronal annealing protocols at pro-
gressively increasing temperatures, suggest that the main traps for
Oi are interstitial clusters with dissociation energies ranging from
1.3 to 1.9 eV. These clusters may comprise a family incorporat-
ing various numbers, compositions and configurations of O and H
atoms, although in TiO2, native interstitial clusters left over from
initial synthesis may also play a role.

II. EXPERIMENT
Isotopic self-diffusion experiments monitor the behavior of

defects indirectly, as the concentration of atoms within defects
lies below the detection technique limit of the chief analytic tech-
nique employed here: secondary ion mass spectrometry (SIMS).
In this work, specially cleaned oxide specimens were submerged
in water containing excess 18O as a label (10%) according to
procedures described previously.3,16,36,37 18O enters the solid via
injection of Oi,3 which then undergoes interstitial-mediated diffu-
sion. Exchange of atoms between diffusing Oi and the lattice enables
18O to enter the lattice. Trapping reactions impede the diffusion of
interstitials.19 Depth profiles of 18O measured by SIMS after water
exposure reflect the integrated history of Oi diffusion and trapping.
Heating in air after the establishment of the initial 18O profile lib-
erates trapped Oi, which induces renewed profile spreading that is
monitored with SIMS. Stages of heating at progressively higher tem-
peratures induce the dissociation of clusters having correspondingly
increasing barriers.

Experiments employed single-crystal specimens of rutile
TiO2(110) (MTI Corp.) and wurtzite Zn-term ZnO(0001) (CrysTec
GmbH), with procedures for submerged diffusion largely follow-
ing those described previously.3,16,36,37 Surfaces exhibited roughness
<0.5 nm on the polished side as measured by atomic force micro-
scopy. Specimens of thickness 0.5 mm were cut to dimensions of
5 × 10 mm2 and degreased.3 To eliminate possible complications
from O vacancies left by initial synthesis, specimens were annealed
in natural-abundance O2 in an ultrahigh vacuum-compatible cham-
ber for 4 h at 500 ○C and 1.0 × 10−5 Torr for ZnO and at 450 ○C and
5.0 × 10−6 Torr for TiO2.

Self-diffusion experiments employed a custom-designed appa-
ratus for immersion in 18O-labeled water (10 at. % 18O, Sigma-
Aldrich). Immersion lasted 1 h from 30 to 80 ○C. The resulting
18O concentration vs depth was measured ex-situ by SIMS
(PHI-TRIFT III) using a Cs ion source (3 keV) for depth profiling.
The spot diameter was about 0.5 mm. Surface charging due to inci-
dent ions was compensated by electron flooding. 18O concentrations
were calibrated according to the known natural abundance concen-
tration (0.2%) in as-received specimens. Two to five profiles were
measured at different locations on each specimen and were aver-
aged. Stages of heating to temperatures T for 1 h in air employed
a tube furnace (Thermolyne). The progression of T typically encom-
passed a range between 120 and 280 ○C. Details of the progression
for each specimen appear in Tables S1 and S2 in the supplementary

material. The upper temperature was set by the fact that, in most
cases, the profiles decayed away entirely by 280 ○C.

III. RESULTS
Figures 1 and 2, respectively, show example 18O concen-

tration profiles from progressive annealing sequences for TiO2
and ZnO. Additional examples appear in Figs. S1 and S2 in the
supplementary material. All specimens exhibit continual profile
decay as T increases.

Dissociation energies were determined assuming first-order
profile decay for all depths. In other words, the “excess” 18O con-
centration C above the natural-abundance baseline was assumed to
decay exponentially from C1 to C2 during an increment of annealing
time (t) according to

C2 /C1 = exp (−k(T)t). (1)

The dissociation rate constant k obeys a thermally activated
expression,

k = k0 exp (−E/kBT), (2)

FIG. 1. Representative 18O profiles for different TiO2 specimens after various
stages of progressive annealing. The yellow curves show profiles after exposure
for 1 h to liquid H2

18O at (a) 70 ○C and (b) 80 ○C but with no further annealing.
Significant differences in profile evolution upon annealing are evident between
(a) and (b). In (a), portions of the initial profile remain visible at 280 ○C. In con-
trast, the above-baseline 18O in (b) has vanished almost entirely by 160 ○C. In
(a), the profile at 120 ○C (gray, not readily visible) overlaps with those at 200 and
240 ○C, indicating that the 18O does not evolve from 120 to 240 ○C.
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FIG. 2. Representative 18O profiles for different ZnO specimens after various
stages of progressive annealing. The yellow curves [not readily visible in (b)] show
profiles after exposure for 1 h to liquid H2

18O at (a) 60 ○C and (b) 40 ○C but with
no further annealing. Significant differences in profile evolution upon annealing are
evident between (a) and (b). In (a), portions of the initial profile remain visible at
220 ○C. In contrast, the above-baseline 18O in (b) has vanished almost entirely
by 180 ○C. In (b), the profiles at 40 and 100 ○C (gray, not readily visible) overlap
with those at 120, 140, and 160 ○C, indicating that the 18O does not evolve from
40 to 160 ○C.

where k0 denotes the pre-exponential factor, assumed to be roughly
the Debye frequency. E denotes the effective dissociation energy at
T, and kB is the Boltzmann constant.

Values of E for each temperature stage were determined by
application of Eq. (1) at up to four different depths (4.8, 9.6, 14.4,
and 19.2 nm) to yield a value of k at each depth. Figure 3 depicts the
basic concept. In the near-surface region (<5 nm) of TiO2, profiles
often exhibited non-monotonic shapes originating from isotopic
fractionation.16 Although fractionation is of technological interest,
its behavior is complicated. Hence, sampling of concentration data
avoided this region to simplify mathematical analysis. Application
of Eq. (2) with the assumption of k0 = 1013 s−1 yielded correspond-
ing effective values of E, which were typically averaged over the four
depths to yield a single aggregated value. Profile points lying too
close to the baseline (i.e.,whereC started to approach the SIMS noise
level) were excluded from the computation.

Figure 4 shows derived values of the cluster dissociation energy
E as a function of T for TiO2 and ZnO. Many energies are repre-
sented, ranging between about 1.3 and 1.9 eV. The origins of this
range will be discussed below.

FIG. 3. Diagram illustrating how rate constants k(T) were calculated from mea-
sured 18O profiles in two successive cycles of progressive annealing. In this
instance for ZnO diffused at 60 ○C, concentrations C1 and C2 at the beginning and
end of the first cycle at 210 ○C were measured at a depth of 4.8 nm, with a third
concentration C3 measured after a second cycle at 220 ○C. Concentrations were
computed in terms of the additional 18O above the baseline concentration shown
by the dashed line. Annealing time t was 1 h for both cycles. For a given cycle,
determinations of k(T) at several depths were averaged to improve accuracy.

SIMS profiles varied slightly at different points on a given spec-
imen due to adventitious poisoning of surface sites during both
submerged diffusion and progressive annealing. During submerged
diffusion, surface sites act as interstitial sources that can be poisoned

FIG. 4. Dissociation barrier energy E of labeled oxygen 18O of several (a) TiO2
and (b) ZnO specimens. Error bars represent the random errors associated with
profile-to-profile variations across the face of a given specimen, and in some
cases are invisible because the spacing falls below the width of a data symbol.
Open symbols indicate that no dissociation occurred during the immediately pre-
ceding progressive annealing step. The coexistence of solid and open symbols
at numerous temperatures reflects the variability among specimens. The under-
bar for several symbols in the legend indicates the corresponding profiles did not
fully disappear even at the highest temperatures to which those specimens were
subjected. Lines represent least squares fits. Numbers in parentheses signify
different specimens detailed in the supplementary material.
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on both TiO2
38 and ZnO.39 The most likely poison is adventitious

carbon, which inhibits the dissociation of adsorbed OH into O and
H, elementary-step injection of Oi, or both.36 This poisoning prop-
agates into localized variations in the injected flux, typically by a
factor of two.36 Depending upon the propensity of traps to saturate,
such variations may affect the shape of the distribution function for
E (concentration of sites vs E) but probably have minimal effect on
the values of E represented.

During progressive annealing, dissociating clusters act as inter-
stitial sources, and the surface becomes a sink. Complete elimination
of a label profile requires about as many interstitials from dissoci-
ation as the formation of the profile requires during injection. In
other words, profile disappearance corresponds to essentially com-
plete liberation of trapped interstitials. Annihilation represents the
kinetic inverse of injection and is subject to poisoning as well,40
although in air no aqueous chemistry is involved. A high annihi-
lation probability efficiently removes interstitials from the solid, and
thereby attenuates diffusional spreading. Clusters present in small
concentrations release only a few interstitials to begin with; thus, a
high annihilation probability makes such clusters more difficult to
detect. Spatial variations in annihilation probability translate into
variations in sensitivity to low-concentration clusters. Fortunately,
such effects do not distort E for clusters sufficiently concentrated to
detect.

Uncertainties in E arose from several sources. Measurements at
different depths led to variations in the value of Ci/Ci-1 although the
resulting values of k were averaged to reduce the effects. Moreover,
larger temperature increments act to average the dissociation ener-
gies over larger ranges of the energy distribution and lead to slightly
different values for E. The temperature increments often varied from
specimen to specimen, which propagated into E. All these effects
gave rise to error bars in E averaging±0.17 eV for TiO2 and±0.14 eV
for ZnO.

Figure 4 shows several points with open symbols, which repre-
sent annealing stages manifesting no measurable profile spreading.
Such stages still contain useful information, as the E can still be esti-
mated with considerable accuracy as follows. For constant t = 1 h,
the magnitude of k varies within a rather narrow range set by the
values of Ci/Ci-1 that are useable in Eq. (1). Given the modest tem-
perature increments employed, this ratio typically varied between
0.7 and 1, with an average of about 0.9 for most data in TiO2. For
ZnO, that ratio varied more broadly between 0.4 and 1.0, with an
average of about 0.7. This latter number, together with the assumed
pre-exponential factor and Eq. (2), leads to a line having a slope of
about 3.4 × 10−3 eV/K that enables estimation of E.

IV. DISCUSSION
The significance of Fig. 4 does not rest upon the linear func-

tional form that relates E and T, the value of the slope, or the fact
that all points fall near the line. These features follow straightfor-
wardly from the estimationmethod just outlined. The significance of
Fig. 4 is rather that (1) the range of points represented is fairly wide
at ∼0.6 eV, (2) the general magnitude of E averages roughly 1.6 eV,
(3) the energies are similar for the two oxides, and (4) gaps in the
distribution imply distribution functions with complicated shapes.

The large range of energies represented in Fig. 4 implies the
existence of traps for Oi in both TiO2 and ZnO having rather

broad distributions of dissociation energies. This behavior mirrors
that observed in many solid systems wherein chemically bonded
species reside not in one energy state E, but rather in one or more
groups of closely spaced states.41 An example is gases adsorbed on
polycrystalline surfaces or small particles that expose many crys-
tal faces.42–44 The average of E matches that average inferred36 for
ZnO from self-diffusion measurements at much higher tempera-
tures with gaseous O2 as the fluid. The close correspondence is
remarkable given the differing conditions andmodeling approaches.
Small interstitial clusters were hypothesized to dominate Oi trap-
ping in that work as well, although a T-dependent trap concen-
tration was required to satisfactorily reproduce the experimental
profiles. For corresponding high-T gas measurements in TiO2,
where slowly ripening extended defects appear to dominate Oi trap-
ping, the characteristic trap dissociation energy is much higher
at 3.3 eV.2

Determination of the distribution function frommeasurements
of dissociation rates is challenging because the problem is math-
ematically ill-conditioned and sensitive to small variations in the
data.42,43,45 As a result, this work did not attempt to measure the dis-
tribution function itself but only the energies represented within that
distribution. However, the existence of gaps in E for some specimens
of both ZnO and TiO2 shows that the distributions have complicated
shapes—not simple like a Gaussian distribution, for example.

Interstitial atoms in semiconductors commonly exhibit a
strong tendency to cluster together, sometimes in families of clus-
ters having varying sizes and closely related compositions. In Si,
for example, a family of self-interstitial (Sii) clusters ranges in size
from dimers to hundreds of atoms, with corresponding dissoci-
ation energies ranging between 3.1 and 4.0 eV.46 An analogous
family of mixed-composition Sii-B clusters exhibits a similar range
of dissociation energies.47–49

Which elements compose the family (or families) of small clus-
ters responsible for the energy spread in Fig. 4? Chemical reasoning
offers important clues. By analogy with the behavior of Sii, a natu-
ral candidate is dimers or higher order clusters consisting entirely
of Oi. Such clusters exist in UO2,35 but UO2 represents an unusual
oxide wherein the metal cation and O anion have comparable ionic
radii (typically near 103 and 126 pm, respectively, with variations
depending upon coordination number). This similarity in ionic radii
enables Oi cluster formation without straining the lattice exces-
sively. In TiO2 and ZnO, however, the respective cations have much
smaller radii, typically near 74 and 88 pm. Clustering of multiple
Oi atoms imposes more strain and the lattice and is less energeti-
cally stable. Thus, it seems unlikely that a large family of Oi clusters
could give rise to the wide, nearly continuous distribution indicated
in Fig. 4.

Another possible family could include mixed clusters of Oi and
self-interstitials of the host cations: Tii or Zni. However, the cation
interstitials in both oxides have hopping barriers below 0.6 eV,50,51

which makes them too mobile at the temperatures employed here
to exist freely as traps for diffusing Oi. Shortly after initial crystal
synthesis, the cation interstitials will have become trapped them-
selves at surfaces, extended defects, or other locations within the
crystal. Therefore, nomechanism exists to nucleatemixed interstitial
clusters.

A different possibility could involve small native interstitial
clusters left over in the near-surface region from cutting and pol-
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ishing of the crystal surfaces during initial manufacturing. In this
work, presumably, some of these clusters would have disappeared
during annealing in O2 at 450–500 ○C before submerged diffusion,
which injects Oi to remove O vacancies3,16,36 and simultaneously
removes cation interstitials by surface annihilation, at least in TiO2

52

and possibly in ZnO. In ZnO, the similarity in the average value of
E in gas and liquid self-diffusion experiments argues against a special
role for vestigial near-surface clusters, as the gas experiments sample
the bulk to a depth on the order of 105 nm. The similarity between
ZnO and TiO2 in the range and average of E suggests similarity in the
trapping mechanisms but does not constitute proof. Hence, the evi-
dence for ruling out a role for vestigial near-surface mixed clusters is
not as strong for TiO2 as for ZnO.

Another possible family could include mixed clusters of
Oi and cation vacancies (V): VTi

53,54 or VZn.51 These vacancies have
lower formation energies in n-type material than the correspond-
ing interstitials under O-rich conditions near room temperature, so
cation vacancies could exist as free species for trapping Oi. However,
VTi and VZn act as strong acceptors (−4 charge state), which seem
unlikely to react extensively with Oi that also has acceptor tenden-
cies, especially in TiO2. The same characteristic likely precludes the
formation of mixed vacancy-Oi clusters left over from cutting and
polishing.

A likely candidate that contributes to Fig. 4 includes clusters
with hydrogen as a key constituent. H is present in essentially all
oxides10 and exists in several forms, including interstitially as Hi,
substitutionally (for lattice O) as HO, and in molecular form as H2.
Hi bonds with numerous interstitial, vacancy, and substitutional
defects. Many such clusters incorporate more than one H and, thus,
form families. In ZnO, for example, multiple H atoms form clus-
ters with Zn vacancies27 and with the complex of substitutional
N and VZn.55 In Si, substitutional B56,57 forms clusters with one or
two H. Up to four H can cluster with Si self-interstitials,58,59 and
H is believed to decorate interstitial defects involving O and C.60
In UO2, varying numbers of H stabilize Willis clusters, which com-
prise a family of Oi-based clusters of assorted sizes.34 In TiO2 and
ZnO, Oi–Hi has been shown by DFT (density functional theory) cal-
culations to exist stably with a low formation barrier.3 Thus, it is
reasonable to suppose that a family of interstitial clusters containing
both Oi and Hi exists in both TiO2 and ZnO.

However, akin to Tii and Zni, Hi has significant diffusional
mobility in both TiO2 and ZnO at the temperatures examined
here.9,27,61,62 That mobility, together with the strong propensity of
Hi to react, suggests that no free Hi exists in the solid as Oi injection
begins. However, DFT simulations have shown that HO in rutile63,64

and ZnO10,27 acts as a shallow donor—a result confirmed
experimentally.65,66 Thus, acceptor Oi seems likely to react with
donor HO via kick-out to yield lattice O and Hi. The latter would
then react with Oi or existing clusters to build a family.

Oi may also react with molecular H2 caged within the solid
structure. H2 is known to exist in ZnO.67 The H2 resides at
interstitial sites and O vacancy agglomerates. It dissociates below
700 ○C – amodest temperature compared to the gas phase. Although
H2 has not been reported within rutile, several other metal oxides
host this species68 including anatase TiO2 where the formation of
H2 is 0.2 eV more stable than two separated Hi.69 H2 dissociates at
an O vacancy into two neighboring but separated atoms70 – suggest-
ing a strong generic propensity to react. H2 may plausibly react with

Oi to form Oi–Hi and free Hi, which itself goes on to react with a
second Oi.

Regardless of which species causes the behavior in Fig. 4, the
plots clearly demonstrate that such families exist for two com-
mon oxides. It is reasonable to suppose such families exist in other
oxides, with several significant consequences for post-synthesis
defect manipulation and purification of semiconductors using sub-
merged surfaces. First, families multiply the pathways by which
injecting interstitials may be trapped, thereby raising the quantity
of injecting interstitials required to saturate and bypass the traps
for deep penetration into the solid. Second, families with wide and
quasi-continuous distributions of dissociation energies increase the
likelihood that weakly bonded members will dissociate slowly after
injection ends. Thus, important physical properties of the solid
(e.g., donor concentration) may drift over time, especially if the
material experiences slight heating during use. Eliminating such
drift might be avoided by using higher temperatures during injec-
tion. A better approach would entail a separate warming step after
injection in the presence of a surface with high annihilation prob-
ability. Third, nonthermal means to destabilize clusters, such as
super-bandgap illumination,37 could be complicated by large dispar-
ities among family members in the interaction with photogenerated
charge carriers. Behavior would be dominated by those clusters
having the largest cross section for carrier capture.

V. CONCLUSION
Isotopic self-diffusion measurements using 18O in rutile TiO2

and wurtzite ZnO, combined with progressive annealing protocols,
have uncovered Oi traps with dissociation energies ranging from
1.3 to 1.9 eV. These traps are likely to involve a family of small
interstitial clusters comprising O and H atoms in various numbers,
compositions, and configurations; however, in TiO2, native inter-
stitial clusters left over from initial synthesis may also play a role.
Families of small clusters are probably common in semiconduct-
ing oxides and have several consequences for post-synthesis defect
manipulation and purification of semiconductors using submerged
surfaces. Small-cluster families raise the quantity of injecting inter-
stitials required for trap saturation, may necessitate a separate warm-
ing step to prevent material property drift, and may complicate the
use of photostimulation to promote cluster dissociation.

SUPPLEMENTARY MATERIAL

See the supplementarymaterial for detailed descriptions of pro-
gressive annealing protocols for each specimen and for additional
plots of 18O profiles.
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