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surfaces†
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Oxygen vacancies (VO) influence many properties of ZnO in semiconductor devices, yet synthesis

methods leave behind variable and unpredictable VO concentrations. Oxygen interstitials (Oi) move far

more rapidly, so post-synthesis introduction of Oi to control the VO concentration would be desirable.

Free surfaces offer such an introduction mechanism if they are free of poisoning foreign adsorbates.

Here, isotopic exchange experiments between nonpolar ZnO(10%10) and O2 gas, together with

mesoscale modeling and first-principles calculations, point to an activation barrier for injection only 0.1–

0.2 eV higher than for bulk site hopping. The modest barrier for hopping in turn enables diffusion

lengths of tens to hundreds of nanometers only slightly above room temperature, which should

facilitate defect engineering under very modest conditions. In addition, low hopping barriers coupled

with statistical considerations lead to important qualitative manifestations in diffusion via an interstitialcy

mechanism that does not occur for vacancies.

Introduction

Oxygen vacancies (VO) influence a variety of technologically
relevant aspects of ZnO’s behavior, including parasitic green
emission in ultraviolet emitters,1 carrier recombination rates
in photocatalysts,2 ferromagnetism in spintronics,3–5 piezo-
electricity in nanogenerators,6 and free electron density in p–n
junctions.7 ZnO synthesis methods leave behind variable and
unpredictable concentrations of VO. Oxygen interstitials (Oi) are
more thermodynamically stable in ZnO under O-rich
conditions,8–11 so post-synthesis introduction of Oi under such
conditions to eliminate VO or adjust its concentration would be
desirable. The barrier for Oi hopping lies well below that
for VO,

8,12–15 suggesting surfaces as the venue for such intro-
duction. Indeed, single-crystal isotopic labeling experiments
examining different crystallographic orientations16 and the
effects of foreign adsorbates17 show that suitably prepared
surfaces offer an efficient pathway for introduction that
changes the primary O-related point defect from VO. The
magnitudes of measured diffusivities and their temperature

dependence16,17 together with crystal color changes16 have
confirmed Oi as the species that controls VO.

Those diffusion experiments involved c-axis polar surfaces of
the wurtzite structure – both O-term (000 %1) and Zn-term (0001).
The polarity leads to complicated reconstructions,18–22 creating
experimental and computational challenges for identifying the
active sites for Oi injection. To mitigate those complications,
the present work uses similar experimental methods for
nonpolar ZnO(10%10) that does not reconstruct, together
with first-principles calculations interpreted in light of
mesoscale models. The models highlight important qualitative
manifestations of diffusion via an interstitialcy mechanism
that do not occur for vacancies. These manifestations arise
from the low barriers for interstitial diffusion and statistical
effects.

The present results enable direct comparison among polar
and nonpolar ZnO surfaces, and to behavior of related oxide
surfaces such as nonpolar rutile TiO2(110), whose role in Oi

creation and destruction is understood in considerable detail.23

Despite differing mechanisms by which Oi exchanges
with nonpolar surfaces, they exhibit injection barriers only
0.1–0.2 eV higher than for bulk site hopping. The hopping
barriers themselves for Oi lie below 1 eV, and enable
diffusion lengths of tens to hundreds of nanometers or more
only slightly above room temperature. Such high rates of
diffusion could facilitate defect engineering under very modest
conditions.
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Methods
1. Experiment

A well-known isotopic gas-solid self-diffusion method was
employed24–26 to monitor the diffusional behavior of O defects
indirectly. The technique begins with extended exposure of the
solid having natural-abundance isotope concentrations to O2 at a
selected temperature and pressure to attain steady-state populations
of defects, typically assumed to equal the equilibrium
concentrations.25,26 The gas is then abruptly switched to the
isotopically labeled form. After temperature quenching at the
desired diffusion time, the isotopic profile is measured with
ex situ time-of-flight secondary ion mass spectrometry (SIMS).

Wurtzite nonpolar (10%10)-terminated ZnO single-crystal
specimens (10 mm � 5 mm � 0.5 mm, CrysTec GmbH) with
minimal roughness (o5 Å) were employed. Prior to mounting,
the specimens were degreased by successive 5 min ultrasonic
baths in acetone, isopropanol, and methanol. The specimens
were mounted in an ultrahigh vacuum (UHV) chamber that was
turbomolecularly pumped. The base pressure for the UHV
chamber was below 10�7 torr. Type K (chromel–alumel)
thermocouples were spring-loaded against the center of each
specimen to monitor the surface temperature. Pre-annealing in
natural abundance O2 gas (S. J. Smith Co., Z99.995%) was
performed for 6 h at the diffusion temperature T and oxygen
pressure PO2

to desorb surface contaminants and to equilibrate
the defect concentrations. The specimens were subsequently
annealed in isotopic 18O2 gas (Sigma-Aldrich, Z99%) for
105 min at T = 510–600 1C and PO2

= 10�5–10�4 torr. Measurements
of the 18O concentration profiles by SIMS employed a PHI-TRIFT III
instrument with a Cs ion beam source operating at 3 keV, with
baseline concentrations checked against known isotopic fractions.
Ex situmeasurements by X-ray photoelectron spectroscopy (XPS) of
selected surfaces after degreasing and after subsequent annealing
or self-diffusion indicated no significant changes in surface
composition or bonding state.

2. Atomic scale modeling

First-principles calculations by density functional theory
(DFT)27,28 employed the Vienna Ab Initio Simulation Package
(VASP)29,30 with projector augmented wave (PAW)31 pseudopo-
tentials and the Perdew–Burke–Eznerhof (PBE)32 exchange–
correlation functional in the generalized gradient approximation
(GGA).32 A plane-wave energy cutoff of 530 eV was used, with a
total energy convergence threshold of 10�6 eV. Brillouin zone
sampling employed a 3 � 3 � 1 Monkhorst–Pack k-point mesh.
A 15 Å vacuum region separated the surface from periodic images.

Following existing literature,33,34 the ZnO(10%10) slab incorporated
five Zn–O layers, with each layer incorporating a 2 � 2 arrangement
of four repeated unit cells. Relaxation of the atomic positions in
all five layers determined the surface geometry, which exposes
three-fold coordinated Zn and O atoms in a 1 : 1 stochiometric
ratio. Published literature has already examined the geometry
of adsorbed oxygen atoms on ZnO(10%10).35–37 The pristine (i.e.,
undefected) surface of ZnO(10 %10) has the lowest surface energy
of all orientations,38 and O2 adsorption is not energetically

favorable. However, when oxygen vacancies or zinc–oxygen
dimer vacancies are present, O2 adsorbs dissociatively with a
modest energy near 1.1 eV.37 Under the O-rich conditions
characterizing the present experiments, such vacancies are
unlikely to be present in large quantities.37 However, for the
related nonpolar semiconducting oxide surface of rutile
TiO2(110), dissociative adsorption of O2 occurs at step
edges.39 It is therefore plausible for ZnO(10%10) that O2 also
dissociates at step edges.

Furthermore, it is also plausible that the O atoms produced
by dissociation diffuse onto terrace sites. Neither the surface
diffusion barrier nor the energy needed to release O atoms from
step edges to terraces is known for ZnO(10%10). However,
temperature programmed desorption after exposure of this
surface to O2

40 yields a peak at 450 K, which shifts upward to
500 K with step edges corresponding to the mis-orientation
(4(10%10) � (0001)). Desorption is more energetically costly, and
therefore occurs at higher temperatures, than surface diffusion
or release of edge-bound adsorbates onto nearby terraces.
These desorption temperatures lie well below those used here,
meaning that release of O atoms onto terraces should occur
readily. The adsorbed O would bond in a geometry corresponding
to that for O2 adsorption at O vacancies,35–37 and the present work
adopted that geometry.

Minimum energy pathways and the corresponding activation
barriers were computed using the climbing image nudged elastic
band (CI-NEB) method.41 With a spring constant of �5 eV Å�1,
atomic positions in each image were determined from linear
interpolation between two local minimum energy states. The
resulting geometries were relaxed until the maximum total force
on any atom fell below 0.05 eV Å�1.

The DFT-computed lattice constants of a = 3.288 Å, c = 5.303 Å,
internal parameter u = 0.378 Å, and bandgap Eg = 0.59 eV, agree
satisfactorily with previous DFT-GGA42 values of a = 3.288, c =
5.305, u = 0.379, and Eg = 0.73 eV. The formation energy for Oi

under maximally O-rich conditions of 1.4 eV for a 4 � 4 � 4 bulk
supercell lies close to the corresponding value of 1.3–1.4 eV in the
deepest layers of the slab supercell, which implies that the
number of layers in the slab is sufficiently large.

To allow for the possible creation of charged (acceptor)
metastable states during formation of bulk Oi from adsorbed
O, we ‘doped’ the slab by introducing an artificial O vacancy
(VO) at the back side according to methods described
previously.23,43 Even with the addition of VO, bulk Oi and
adsorbed O remains neutral, consistent with prior DFT
results8–11,44,45 that yield neutral Oi all values of the Fermi
energy.

3. Mesoscale modeling

Quantitative interpretation of the experimental isotopic diffusion
profiles, as well as connection to first principles calculations,
requires mesoscale modeling over length scales ranging from
roughly 2 to 500 nm. Several approaches exist. The findings of the
present work rest primarily on a classical thermodynamic model
and a microkinetic model. The classical model uses analytical
profile-by-profile fitting to yield the net isotope injection flux F
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and the tracer diffusion coefficient Dtr. The microkinetic model
numerically fits all the profiles simultaneously to yield a suite
of elementary-step numerical parameters suitable for direct
comparison with DFT.

Classical thermodynamic models for tracer diffusion assume
global equilibrium throughout the solid.46 (For ‘‘chemical’’
diffusion, where isotopic exposure coincides with a concurrent
change in T or PO2

, local equilibrium is assumed.47,48) Classical
approaches quantify the profiles through an analytical
mathematical formulation in terms of quantities that represent
composites of other parameters. For example, F incorporates
the rate constants for Oi injection and annihilation, and the
concentration [Oi] of Oi in the near-surface bulk. Similarly, Dtr

incorporates the hopping diffusivity Dhop, [Oi], and (in the case of
chemical diffusion) a thermodynamic factor. Most parameters
within F and Dtr in turn comprise activation energies, pre-
exponential factors, and other quantities.

Literature that incorporates surface participation into the
analysis typically quantifies F in terms of a surface exchange
coefficient K. This formulation expresses the phenomenological
notion that the flux of isotopic label through the surface is
proportional to the difference in isotopic mole fractions
between the gas and the solid at the surface.49–51 Expressed
mathematically, the rate of isotope exchange obeys52

F ¼ K Cg � Cs

� �
¼ �Dtr

@C

@x

����
x¼0

; (1)

where Cg and Cs respectively denote the isotopic mole fraction
in the gas and solid, and x is the spatial dimension. K is defined
without reference to any particular microscopic mechanism.50

K is sometimes believed26,53,54 to incorporate only surface
properties independent of the bulk diffusivity. For example,
variations of K with temperature have been attributed to
segregation of extrinsic elements to the surface.52 However, it
has been shown experimentally55 and mathematically56 that K
depends upon the bulk diffusivity in some kinetic regimes.
Accordingly, more recent treatments of F focus on the kinetics
of the surface-defect interaction.23,57 In this spirit, the present
treatment uses F itself rather than K, so that profile fitting
yields F and Dtr.

Representation of self-diffusion at a more detailed level
suitable for mechanistic evaluation employs numerical
simulators based on continuum diffusion equations58,59 or Monte
Carlo methods.60,61 The simulators incorporate interactions of
point defects with each other, extended defects, electric fields,
and nearby surfaces. Profile fitting yields activation energies, pre-
exponential factors, and related parameters. Direct comparison
with results from DFT becomes possible. However, the simulators
necessarily assume specific functional forms for eachmathematical
expression describing the diffusion–reaction network – a
challenging drawback when the identities of key species and their
reaction kinetics remain poorly understood.

A complete microkinetic model employs not only a
simulator but also an optimization algorithm that determines
a set of elementary-step parameters to provide the best fit of an
aggregated set of profiles.57,62,63 Core features of the simulator

and optimizer used here appear elsewhere.23,57,62,64 The
optimizer remained unchanged, employing a weighted sum
of squared errors approach with an iteration tolerance of 1% in
the objective function. However, the simulator was adapted
from previous work to incorporate new expressions describing
sequestration of Oi.

The ESI† supplies further background for these models and
discusses more details of their implementation. The ESI† also
describes other mesoscale modeling approaches applied to the
data set that did not bear as much fruit, but by their inadequacy
proved to be useful points of reference for the models
presented here.

4. Implementation of microkinetic model

Movement of 18O from the gas into the solid entails adsorption
of O2, dissociation into adsorbed O, conversion into injectable
form, and injection into the bulk solid. Microkinetic models treat
only the solid-phase processes downstream of the conversion into
injectable form; the coverage y of injectable oxygen appears in the
boundary conditions for the differential equations. No unified
treatment yet exists that links the adsorption, dissociation and
conversion processes to y.

For example, the general relationship between y and the
total coverage of adsorbed O remains unknown. A recent first
principles treatment23 by DFT has resolved many aspects of
that question for TiO2(110), indicating that most (but not all)
adsorbed oxygen resides in injectable form. With the assumption
that O2 adsorption and dissociation are rapid, independent
knowledge of the gas adsorption isotherm would suffice to
yield y. However, that knowledge is typically difficult to obtain.
Experimental determination requires coverage measurements
pressures above the range of most electron or ion spectroscopies.
Computational estimation of y by DFT requires calculation of
adsorption entropies that are seldom attempted.

Thus microkinetic modeling requires assumptions to
estimate y. Following previous literature,23,57,62,64 we assume
that [Oi] obeys a conventional thermodynamic equilibrium
expression. A different approach detailed in the ESI† exploits
the weak dependence of the present profiles on T and PO2

.
The microkinetic model retains many aspects of a similar

model described elsewhere for ZnO(0001).47 However, significant
changes include incorporation of a statistical factor as described
in the Discussion, a different charge state for Oi, and a different
sequestration mechanism. The following paragraphs briefly
describe the charge state and sequestration mechanism.

Oi in the ZnO bulk exists in charge states ranging from 0 to
�2 depending upon the Fermi energy EF.

9,12,65 Single-crystal
ZnO typically manifests modestly n-type behavior, for which
most DFT evidence points to a neutral dumbbell
geometry.8–11,44,45 The neutral charge state renders the
formation energy DHf for Oi independent of EF.

The sequestration mechanism involves sites S whose identity
remains unknown and unspecified, but could correspond to
species such as hydrogen interstitials and/or zinc vacancies. The
model describes such species with a single set of average kinetic
and thermodynamic parameters. The sites can exist in forms
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that are complexed (SC) or uncomplexed (SU) with Oi according to

Oi½ � þ SU½ � �! �
rasso

rdiss

SC½ �: (2)

The association rate rasso for formation of the complex obeys

rasso = kasso[Oi][SU], (3)

where kasso denotes a diffusion-limited constant given by

kasso = 4paDhop, (4)

and a denotes the capture radius of the sequestration site. This
capture radius can depends upon several factors,66 but was set
here to the hop length of 2 � 10�8 cm�3. The dissociation
rate obeys

rdiss = kdiss[SC], (5)

where the dissociation rate constant kdiss obeys

kdiss = Adiss exp(�Ediss/kBT). (6)

Ediss and Adiss respectively denote the activation energy and pre-
exponential factor for dissociation, and kB denotes Boltzmann’s
constant.

The concentrations [SC] and [SU] sum to yield the total
concentration of sequestration sites [S] according to

[S] = [SC] + [SU]. (7)

The concentration [S] may depend upon interaction with other
species that do not complex with Oi and whose identities are
unknown. The model therefore assumes [S] obeys a thermo-
dynamic expression

½S� ¼ Stot exp �DHfs=kBTð Þ PO2

P0

� �c

(8)

with DHfs representing an effective standard enthalpy of
formation and Stot incorporating an effective standard
formation entropy and related scaling constants. PO2 is scaled
to a reference pressure P0 of 1 atm, and raised to a phenom-
enological power c. Since Oi bonds to S with significant affinity,
it plausible that most S exists in complexed form such that
[S] E [SC].

Results
1. 18O isotopic concentration profiles

Fig. 1(a) shows experimental diffusion profiles for 18O in the
range T = 510–600 1C and PO2 = 5 � 10�5 torr. The 18O
concentrations rise to about 1%, which is well above the
natural-abundance baseline of 0.2%. As in related work for
polar Zn-term ZnO(0001)16,17 and O-term ZnO(000%1)16 surfaces,
the profiles exhibit very shallow slopes down to depths of several
hundred nanometers, beyond which SIMS measurements require
impractically long times in the absence of cross sectional line
scans67 or powder techniques.68 Such flat profiles characterize
diffusion wherein surface processes constitute the rate-limiting
step rather than diffusion in the bulk.56 Despite this challenge,
the profiles in normalized form yield nonzero slopes of

magnitudes appropriate for classical mesoscale modeling. Fig. S1
in the ESI† shows an example.

The profiles typically exhibit a small degree of 18O pile-up
within a few tens of nanometers of the surface. This phenomenon
has been observed for other ZnO surfaces, particularly ZnO(0001),
and originates from the interaction between surface band
bending and the drift69,70 and perhaps ionization state71 of mobile
Oi. The pile-up incorporates o1% of the total injected 18O, how-
ever, andmay be neglected during analysis of the profiles at greater
depths.69,72 Hence, the pile-up will not be discussed further here.

2. Atomic scale modeling

Fig. 2 summarizes atomic-scale DFT results for the thermo-
dynamic energy landscape characterizing metastable reaction
intermediates in the conversion of adsorbed O to Oi in the
deep bulk. The geometry for chemisorbed Oads (Fig. 2(b-1))
reproduces that reported in previous literature.35 The adsorbed
O forms two bonds to underlying surface atoms: one to surface
O with a length of 1.53 Å and one to surface Zn with a length of

Fig. 1 (a) 18O diffusion profiles (symbols) and 16O diffusion profiles (lines)
for nonpolar ZnO(10%10) with (b) a representative microkinetic model
fitting (solid red line). Dashed line represents the natural abundance 18O
concentration (0.2%) in ZnO.
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2.04 Å. The latter number nearly equals the average O–Zn bond
length of 2.01–2.02 Å within the surface layer.

When residing in the first layer below the surface, the defect
forms another neutral dumbbell structure (Fig. 2(b-2)), with an O–O
bond of length 1.48 Å. In accord with previous literature,9 the two
remaining bonds between the injecting O atom and nearby Zn
atoms have lengths in the range 1.95–1.97 Å, which is 3% shorter
than the corresponding bond length in the deep bulk. The defect
diffuses further into the bulk by successive hops (Fig. 2(b-3)) with
bond lengths that lengthen progressively toward deep-bulk values.

Fig. 3 shows an activation barrier diagram (with corres-
ponding geometries) at key points along the reaction coordi-
nate for interchange between Oads and Oi in the first sublayer.
Rightward movement along the reaction coordinate
corresponds to injection; leftward corresponds to annihilation.
The activation energy in the injection direction equals 1.19 eV,
while that in the annihilation direction is 0.81 eV. Analogous
to Oi hopping in deep-bulk ZnO,9 the transition state
exhibits a neutral dumbbell geometry. The O-O bond length is
1.59 Å. The three O atoms neighboring the defect bond to nearby
Zn atoms with lengths ranging between 1.89 and 2.44 Å.

3. Mesoscale modeling

Fig. 4 shows Arrhenius plots of F and Dtr obtained from the
classical equilibrium model, and Fig. 5 shows the variation of

these quantities with PO2
. There is only a weak dependence on T

and negligible dependence on PO2
. Table 1 lists the effective

activation energy and pre-exponential factor for F and Dtr,
together with the exponent b to which PO2

must be raised in a

pressure dependence of the form Pb
O2
.

Table 2 details the initial and optimized thermodynamic and
kinetic parameters from the microkinetic model. The initial values
originated from an earlier version of the model for ZnO(0001)57 or
from educated guesses. Fig. 1(b) presents a representative simu-
lated 18O profile (570 1C and PO2

= 5 � 10�5 torr) together with its
experimental counterpart. The microkinetic simulations generally
reproduce the experimental profiles satisfactorily. In addition to the
classical equilibrium results for F and Dtr, Fig. 4 shows the
temperature variation of these quantities obtained by combining
the appropriate elementary parameters from the microkinetic
model. Fig. 5 displays the variation of the composite quantities
with PO2

. Table 1 shows the effective activation energy and pre-
exponential factor computed from the microkinetic parameters for
F and Dtr, together with the exponent b.

Discussion
1. Special features of interstitialcy mechanism

Oi in many oxides forms a symmetric dumbbell or split
configuration (containing or lacking an O–O bond, respectively),
wherein two O atoms are associated with a lattice site that would
normally host only one. This structure characterizes not only

Fig. 2 (a) Potential energy landscape characterizing key metastable
species. Rightward movement along the reaction coordinate corresponds
to the injection process; leftward corresponds to annihilation. (b) Summary
of the geometries of key metastable species mediating the exchange
between O adsorbed on ZnO(10%10) and Oi in the deep bulk. All states are
electrically neutral, and include (b-1) Oads, (b-2) O in the 1st subsurface layer,
and (b-3) Oi in the deep bulk. Red and gray spheres respectively designate
oxygen and zinc lattice atoms. Green and purple spheres designate key
participating O atoms. Site-hopping barriers originate from ref. 9, 12 and 65.

Fig. 3 (a) Activation barrier diagram with (b) corresponding geometries at
key points along the reaction coordinate for interchange between O
adsorbed on the ZnO(10%10) surface and resident in the first layer under the
surface. Rightward movement along the reaction coordinate corresponds to
the injection process; leftward corresponds to annihilation. For convenience,
key geometries corresponding to initial (b-1), transition (b-2) and final (b-3)
states are referenced to an injection process rather than to annihilation. Red
and gray spheres respectively designate oxygen and zinc lattice atoms. Green
and purple spheres designate key participating O atoms.
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ZnO but also rutile15,73 and anatase74 TiO2, SnO2,
75 MgO,76

CeO2,
77,78 monoclinic HfO2,

79 and a-Al2O3.
80–82 Diffusional

hopping occurs via an interstitialcy mechanism, wherein one
of the two atoms moves to a neighboring lattice site to form an
identical configuration. The two O atoms within the defect have
equal probabilities of hopping.

Under O-rich conditions, the hopping barrier itself is
typically quite modest in semiconducting oxides exhibiting
Oi-governed diffusion. For example, the barrier lies below
1 eV in ZnO,8,16,26,27 TiO2,

83,84 MgO,85 ZrO2,
86 HfO2,

87 UO2,
88,89

CeO2,
90 Ga2O3,

91 La2NiO4+d,
92,93 La2CoO4+d,

93 Y1�xZrxMnO3+d,
94

Pr2NiO4+d,
95 and La2�xSrxNiO4+d.

96 Barriers below 1 eV enable
significant defect diffusion rates even at room temperature. For
example, a hopping barrier of 0.7 eV and a pre-exponential factor
of 0.01 cm2 s�1 leads to a random-walk diffusion lengthffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Dhopt
p� �

of nearly 900 nm at 25 1C and time t = 1 day.

These low barriers, together with the hopping statistics
described above, lead to important consequences for mesoscale
diffusion of an isotopic label that differ considerably from
those of a vacancy mechanism in ZnO and possibly many other
semiconducting oxides. These manifestations appear to have
been largely unrecognized up to now, and include the possibi-
lity of large differences in the effective rate of movement for 16O

and 18O, and the need for microkinetic models to incorporate
sequestration sites for Oi other than the lattice.

1.a. Effects of interstitialcy hopping statistics on movement
of 16O vs. 18O. Prior theoretical literature has shown97 that the
variance of isotopic tracer spreading by an interstitialcy
mechanism exhibits dynamics like those of vacancy-mediated
diffusion. It has not been recognized until recently,23 however,
that Dhop measured by isotopic labeling does not equal the
‘‘true’’ tracer diffusivity of unlabeled interstitials. The inequality
stems from the high symmetry of the defect.

The high symmetry implies that either O atom within the
interstitial hops with equal probability. Thus, any particular atom
(18O or 16O) finding itself within an interstitial can execute only
2–3 hops on average before becoming temporarily immobilized in
the lattice. For example, the likelihood of a given atom surviving
in a mobile state after two hops is 0.52 = 0.25. Remaining mobile
after three hops has a likelihood of only 0.53 = 0.125.

Such statistics govern the immobilization of any particular
atom regardless of whether it is labeled. However, each hop-
ping event conserves Oi as a chemical species; only the con-
stituent atoms change. For dilute label concentrations (0.2–1%
here), most lattice O is mass 16. Thus, immobilization of 18O

Fig. 4 Arrhenius plots of (a) net injection flux F and (b) effective diffusivity Dtr

for classical thermodynamic and microkinetic models at PO2
= 5 � 10�5 torr. Fig. 5 Oxygen partial pressure dependence of (a) net injection flux F and (b)

effective diffusivity Dtr for analytical and microkinetic models at T = 540 1C.
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usually mobilizes a lattice 16O. However, immobilization of 16O
usually releases another 16O. Indeed, 16O atoms traverse the
solid for many atomic diameters before finally liberating an 18O
atom and breaking the 16-dominated chain. Only rarely can
immobilization of 18O release another 18O in a similar fashion.

If Dhop denotes the hopping diffusivity of Oi in a hypothe-
tical single-isotope solid (or equivalently, computed by DFT),
then the statistical effects just described imply an
effective hopping diffusivity for the 18O label of [18Oi]/([

18Oi] +
[16Oi])Dhop. For dilute labels, the statistical factor may scale
Dhop by several orders of magnitude depending upon the degree
of dilution. No equivalent effect occurs for a vacancy mechanism
because the defect includes only a single entity (the missing
atom) rather than a symmetric pair of equivalent atoms.

1.b. Implications of low interstitialcy barriers for sequestration
of Oi. Self-diffusion experiments render the isotopic label mobile
at the diffusion temperature, but the label stops moving upon
quenching. Long-term profile stability toward shelf storage at
room temperature is commonplace for vacancy-mediated
diffusion. We have also observed such stability in interstitialcy-
mediated diffusion systems, including the present case of ZnO.
However, the underlying reason for stability differs for the two
kinds of mechanisms – with an important implication for
isotopic profile interpretation and microkinetic modeling.

Vacancy mechanisms in semiconducting oxides typically
exhibit hopping barriers above about 1 eV (with notable
exceptions, such as strontium titanate98). With such substantial
barriers, profile immobilization at room temperature can occur
by simple freezing of the vacancies in place.

In contrast, Oi with hopping barriers below about 1 eV retain
significant diffusion rates at room temperature as indicated
above. For interstitialcy-governed diffusion, long-term stability

of isotopic profiles implies that Oi must disappear as a chemical
species upon quenching to room temperature and that seques-
tration sites for Oi must exist in concentrations sufficient to
capture the interstitials. Possible sites for sequestration include
numerous kinds of extended defects and small defect clusters.
Extended defects such as dislocations populate many semicon-
ducting oxides including ZnO, although their interaction
kinetics with Oi have received scant attention. Small clusters of
self-interstitials have been examined in some semiconducting
oxides,88,99–101 but in less detail than in elemental semiconduc-
tors such as Si.102,103 The reported interstitial clusters in
ZnO104,105 do not involve oxygen, although complexes of Oi with
zinc vacancies and extrinsic hydrogen (which is ubiquitous in
many oxides including ZnO106) seem intuitively possible.

The result of both vacancy and interstitialcy mechanisms –
stable profiles at room temperature – may seem identical, but
the implications differ for profile interpretation. For an inter-
stitialcy mechanism, the sites responsible for sequestering Oi at
room temperature also slow the movement of Oi at diffusion
temperatures by successive capture and release events. Micro-
kinetic models need to account for such sites explicitly. Since
vacancies require no sequestration at room temperature to
yield stable profiles, microkinetic models typically do not need
to incorporate separate sequestration sites.

2. Mesoscale modeling
2.1. Microkinetic model

2.1.1. Microkinetic bulk parameters. As shown in Table 2,
themicrokinetic simulations yield 0.44� 0.05 eV and 7.7� 0.7 kB
respectively for the formation enthalpy (DHf) and entropy (DSf)
of Oi. The value for DHf is rather low. Since DHf depends upon

Table 1 Components of composite parameters F and Dtr for Oi computed by the classical thermodynamic and microkinetic models. Activation energy is
given in eV. The units for pre-exponential factors of F and Dtr are cm�2 s�1 and cm2 s�1, respectively

Parameter

Activation energy at PO2
= 5 � 10�5 torr Pre-exponential factor at PO2

= 5 � 10�5 torr Exponent b in Pb
O2

at 540 1C

Classical Microkinetic Classical Microkinetic Classical Microkinetic

F 0.23 � 0.05 1.32 � 0.01 1 � 10(15.17�0.35) 1 � 10(21.88�0.01) 0.02 � 0.09 0.5
Dtr 0.13 � 0.07 0.13 � 0.01 1 � 10(�9.01�0.45) 1 � 10(�9.01�0.01) 0.03 � 0.01 0.05

Table 2 Initial and final microkinetic parameters for Oi

Parameter Definition Initial value Final estimate

DHf Enthalpy of Oi formation 3.4 eV 0.44 � 0.05 eV
DSf Entropy of Oi formation 4.5 kB 7.7 � 0.7 kB
DHfs Effective formation enthalpy for sequestration sites 1.0 eV 1.2 � 0.12 eV
Stot Effective formation prefactor for sequestration sites 1.0 � 1025 cm�3 (2.13 � 0.2) � 1030 cm�3

c Effective pressure exponent in (PO2
/P0)c for sequestration sites 0.1 0.45

Ehop Hopping barrier of bulk Oi 0.5 eV 0.89 � 0.08 eV
D0,hop Hopping prefactor of bulk Oi 4.0 � 10�2 cm2 s�1 (3.25 � 0.32) � 10�3 cm2 s�1

Ediss Barrier to liberate Oi from bulk defect complexes 2.2 eV 1.6 � 0.1 eV
Adiss Prefactor to liberate Oi from bulk defect complexes 1.0 � 1013 s�1 (1.0 � 0.1) � 1013 s�1

Einj Injection barrier 1.5 eV 1.0 � 0.1 eV
ninj Injection prefactor 1.0 � 1013 s�1 (1.0 � 0.1) � 1013 s�1

nsat Saturation concentration of injection sites 3.2� 1013 cm�2 (1.68 � 0.1) � 1014 cm�2

S0 Zero-coverage annihilation probability of Oi 6.5 � 10�5 (4.5 � 0.4) � 10�7
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the oxygen chemical potential DmO, comparisons of DHf with
DFT values requires accounting for the value of DmO in the
experiments. For neutral Oi, DmO can vary between limits of
zero (maximally O-rich) and �3.42 eV (maximally Zn-rich) per
formula unit. Our experimental conditions correspond to DmO =
�1.16 eV, which lies closer to the O-rich side of the continuum.
For neutral dumbbell Oi under maximally O-rich conditions,
literature values of DFT formation energies vary between
1–1.65 eV.8,9,11,45 Accounting for DmO in our experiments adds
1.16 eV to these values, making them considerably larger than
the value of 0.44 eV in Table 2.

Unexpectedly low estimates for DHf have resulted from other
microkinetic studies involving symmetric split interstitial
species, including Oi in ZnO(0001),57 Oi in TiO2(110)

62 and
the silicon interstitial in Si.107 The profiles in Figure 1 exhibit
very little T dependence, suggesting a small variation in [Oi].
The weak T dependence of [Oi] leads to small effective values for
DHf, and probably arises from the effects of surface processes
leading up to formation of injectable O together with the
interaction between Oi and sequestration sites.

By contrast, the microkinetic hopping barrier (Ehop) of
0.89 � 0.08 eV agrees closely with DFT values for O0

i of 0.9–
1.0 eV.9,12,65 The microkinetic hopping prefactor (D0,hop) of
(3.25 � 0.32) � 10�3 cm2 s�1 lies in a typical range for this
quantity.

The formation enthalpy (DHfs) and prefactor (Stot) for the
sequestration sites respectively equal 1.2 � 0.12 eV and (2.13 �
0.2)� 1030 atoms cm�3, with a pressure exponent c = 0.45 These
numbers lead to a concentration [S] of 4.1 � 1020 cm�3 at
600 1C and 5 � 10�5 torr. As indicated above, we surmise these
sites could include H in all its forms (interstitial, substitutional,
and H2 molecules),108–110 zinc vacancies VZn, and/or extended
defects.

The sequestration complexes liberate Oi with an activation
energy (Ediss) of 1.6 � 0.1 eV. For TiO2, the extended defects
liberate Oi with an activation energy of 3.3 eV, which is higher
by almost a factor of two.84 The comparison is imperfect
because of the difference in the identity of the solids, but the
disparity may also originate from the sizes of the defect
clusters. Generally speaking, such barriers depend upon the
size of the defect complexes.66,103,111–113 For example, the
dissociation energy for Si interstitials from clusters in silicon
varies from 3.1 eV to 4.0 eV as the complexes become
larger.103,112 The complexes hypothesized here are small, which
would presumably lead to dissociation barriers near the bottom
of that range – in line with the actual observation. For the pre-
exponential factor, the microkinetic model and previous literature
both point to values lying near the Debye frequency.66,84

2.1.2. Microkinetic surface parameters. The DFT results of
Fig. 2 show that injection into the 1st atomic layer below the
surface occurs with an activation barrier of 1.19 eV. The confidence
with which DFT rate constants may be compared to those from
microkinetic modeling has been detailed elsewhere15,23 but typical
random uncertainties for both approaches lie near 0.1 eV.
Given these uncertainties, the DFT value matches the microkinetic
estimate for Einj of 1.0 � 0.1 eV. Additional computations for

hopping of O0
i into the 2nd and 3rd layers yield slightly lower

barriers of 1.0 eV, which indicates that the first hop into the bulk
limits the rate. The pre-exponential factor ninj for ZnO(10%10)
converges to a value near a conventional Debye frequency of
(1.0 � 0.5) � 1013 s�1.

Under the O-rich conditions of the experiments, oxygen
adsorbs on nonpolar ZnO(10%10) via a neutral dumbbell
configuration with a maximum coverage of 0.5 ML35 referenced
to the concentration of all oxygen-containing sites in the
surface layer. The numerical value of the maximum surface
concentration nsat of adsorbed O atoms is therefore 1.68 �
1014 cm�2. As indicated by Fig. S4(b) in the ESI,† the computed
coverage of injectable oxygen is low, with y { 0.1. In this limit,
nsat and the zero-coverage annihilation probability S0 cannot be
deconvolved by microkinetic modeling.62 However, the value of
7.5 � 107 cm�2 for the mathematical product nsat � S0 leads to
S0 = 4.5 � 10�7 based upon nsat = 1.68 � 1014 cm�2. This low
value for S0 accords with the high stability of pristine
ZnO(10%10), which resists the addition of oxygen atoms from
either the gas phase above or the bulk solid below.

The DFT barrier for hopping from the 1st subsurface layer
into the surface layer is only 0.81 eV, which falls below the value
of 0.9–1.0 eV for bulk hopping. The rate-limiting activation
energy for Oi annihilation at the surface therefore equals that
for bulk hopping.

2.2. Comparison to classical equilibrium model

Table 1 shows the effective activation energies, prefactors, and

the exponent b in Pb
O2

for the parameters F and Dtr computed

directly from the classical equilibrium model and indirectly
from the microkinetic parameters in Table 2. As discussed
elsewhere,62 the microkinetic confidence intervals are tighter
than the analytical ones because of differences in the method of
data aggregation. The effective parameters for Dtr from the
classical thermodynamic and microkinetic approaches match
very closely. For F, however, the microkinetic values exhibit
noticeably stronger dependences upon T and PO2

. Fig. 4
represents these similarities and differences in graphical form.
For Dtr, the lines from the analytical and microkinetic
approaches overlay almost perfectly. For F, the general
magnitudes of the two lines compare rather well, although
the microkinetic versions exhibit larger slopes.

The exponent b describing the pressure dependence of Dtr is
very small (0.03–0.05) for the both the classical and microkinetic
approaches. The dependence of Dtr upon PO2

depends largely
upon the quotient [Oi]/[SC]. With the assumptions of thermo-
dynamic equilibrium and a neutral charge state for Oi, [Oi] varies
according to the formation stoichiometry O2(gas) - 2Oi, which
leads to a pressure exponent 0.5. Table 2 shows that the pressure
exponent for forming S is c = 0.45. The aggregate pressure
dependence of [Oi]/[SC] therefore represents the mathematical
difference between the exponent of 0.5 for Oi and c = 0.45 for SC,
leading to a microkinetic prediction of b = 0.05.

Similarly, the activation energy for Dtr simplifies at low
coverage (y { 1) to Ediff + DHf � DHfs based on eqn (S11) in
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the ESI.† The microkinetic result (0.13 eV) exactly matches the
analytical activation energy of 0.13 eV.

For F, the classical and microkinetic approaches exhibit
poorer agreement. The profiles themselves show very little
dependence upon either PO2

or T. The classical thermodynamic
value of b = 0.02 lies far below the corresponding microkinetic
value of 0.5. Similarly, the classical activation energy of 0.23 eV
lies well below the microkinetic value of 1.32 eV.

A closer examination shows why F varies so strongly in the
microkinetic framework. In the limit of low y, rinj c rann and
combination of eqn (S15)–(S17) in the ESI† shows that F for the
isotope simplifies to

F18 � ninje�Einj=kBTnsaty

¼ ninje�Einj=kBTnsat
3DhopS0 Oi½ �x¼0
lninje�Einj=kBTnsat

¼
3DhopS0

18:Oi

� 	
l

:

(9)

This expression contains no quantities connecting to the
sequestration mechanism. The only variation with PO2

and T
occurs through bulk quantities including [18Oi] and Dhop.
Surface-related quantities such as S0 and nsat remain constant.
As indicated above, formation stoichiometry leads inevitably to
a pressure exponent 0.5 in [18Oi] and therefore F. In an
analogous way, the activation energy for F is constrained
by eqn (S15) and (S16) (ESI†) to vary as Ehop + DHf = 1.32 eV.
In short, thermodynamic equilibrium and conventional rate
expressions for the rates of hopping, injection and annihilation,
impose severe constraints on the microkinetic model’s ability to
reproduce the PO2

and T dependence of the profiles.

3. Comparison to other surfaces

Direct comparison of the injection barrier with microkinetic
values from the existing literature for polar Zn-term (0001)
suffers from considerable systematic uncertainty. The micro-
kinetic value57 of Einj = 2.0 � 0.2 eV for Zn–ZnO(0001) employed
a different model, and the DFT value16 of 1.67 � 0.32 eV
pertained to O0

i but placed the final state in an octahedral site
rather than a dumbbell.

Yet certain aspects of the results for nonpolar ZnO(10%10)
may be compared with polar Zn-term ZnO(0001) and O-term
ZnO(000%1). The nonpolar and O-term surfaces share minimal T
dependence in their profiles. Indeed, the O-term surface yields
no T dependence at all in any parameter, whereas the nonpolar
surface shows a weak but nonzero dependence in F. The
magnitudes of Dtr for the two surfaces lie close to each other
as well. By contrast, the Zn-term surface exhibits strongly
T-dependent behavior, with an activation for F in the range 1.3–
1.7 eV.16,17,57 The magnitude of Dtr lies in the same general range
as for the nonpolar surface, however. As indicated in the ESI,†
anisotropy exists between hopping in the c and a directions.
However, this anisotropy does not explain the differences in F
because O-term and Zn-term surfaces both involve c-axis

diffusion. The principal differences in behavior originate from
intrinsic differences in the injection barrier and/or adsorption
processes that create injectable O.

Comparison of the present results for nonpolar ZnO to those
for nonpolar TiO2 published elsewhere23 yields additional
insights. Despite considerably different injection mechanisms,
both surfaces exhibit injection barriers only 0.1–0.2 eV higher
than for bulk site hopping. Annihilation barriers in both cases
equal those for site hopping. The hopping barriers for both
solids lie below 1 eV, and in principle enable nanometer-scale
diffusion lengths only a few tens of degrees above room
temperature. For example, given the diffusion parameters
listed in Table 2, the random-walk diffusion length for Oi

corresponding to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6Dhopt

p
at 50 1C for 1 hour equals 10 nm.

Those rates of diffusion could enable defect engineering under
very modest conditions.

Conclusions

Despite differing Oi injection mechanisms for nonpolar ZnO
and TiO2 surfaces, both cases exhibit injection barriers only
0.1–0.2 eV higher than for bulk site hopping. Bulk hopping
barriers for Oi slightly lie below 1 eV in many oxides, and
therefore enable nanometer-scale diffusion lengths only a few
tens of degrees above room temperature. In addition, low
hopping barriers coupled with statistical considerations lead
to important qualitative manifestations in diffusion via an
interstitialcy mechanism that do not occur for vacancies.
Evidence is building that, as long as the surface remains free
from of poisoning foreign adsorbates, facile defect injection and
annihilation may occur readily at such modest temperatures for
a broad variety of semiconducting oxides. If future work bears
out this possibility for other materials and for polar surfaces, the
prospects become much brighter for post-synthesis control of VO

in a variety of applications.
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