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Microkinetic model for reaction and diffusion of
titanium interstitial atoms near a TiO2(110) surface

Kandis Leslie Gilliard-AbdulAziz and Edmund G. Seebauer *

Semiconductor surfaces provide efficient pathways for injecting native point defects into the underlying

bulk. In the case of interstitial atoms in rutile, the TiO2(110) surface exemplifies this behavior, although

extended defects in the bulk such as platelets and crystallographic shear planes act as net sources or

sinks depending upon specific conditions. The present work constructs a quantitative microkinetic

model to describe diffusion and based upon isotopic gas–solid exchange experiments. Key activation

barriers for are 0.55 eV for surface injection, 0.50 eV for site-to-site hopping diffusion, and 3.3 eV for

dissociation of titanium interstitials from extended defects.

Introduction

Semiconductor surfaces that are free of bond-saturating adsorbed
species provide efficient pathways for the creation and annihila-
tion of point defects. Previous work in Si,1,2 TiO2

3–5 and ZnO6,7

indicates that these pathways leads to changes in bulk defect
populations that sometimes vary by orders of magnitude from
literature reports and that approach thermodynamic equilibrium
more closely. For the case of rutile TiO2 heated in O2 gas, an
atomically clean (110) surface injects oxygen interstitials (Oi) at a
sufficiently large rate that Oi supplants the O vacancy as the
majority O-related native defect.3,4 With Ti present in the gas
from an evaporation source, the surface also injects titanium
interstitials (Tii) at a sufficiently large rate that extended defects
form in the bulk,8 including platelets and crystallographic shear
planes. The extended defects act as reservoirs of Oi and Tii, acting
as net sources or sinks of these species depending upon specific
conditions. The rich chemistry of surface–defect interaction
merits attention in its own right, and manipulation of bulk defect
populations provides opportunities to unravel complicated defect
diffusion–reaction networks for better scientific understanding
and technological advantage.

Because of the experimental challenges that accompany
direct examination of point defects by imaging or spectroscopy,
isotopic exchange experiments must supported by mathemati-
cal modeling to interpret the observables in terms of diffusion
and reaction. Models of this kind that include surfaces are well
developed only for silicon1,2 and have been published for oxide
semiconductors only recently.5,6 The presence of two or more
elements multiplies the possible varieties of point defects,

as well as the permutations of reactions that may occur among
the defects as well as with surfaces, lattice atoms and extended
defects.

The lone published example of a microkinetic model for a
semiconducting oxide that includes surface effects is for oxygen
in rutile TiO2(110).5 That model neglects any coupling between
the diffusion–reaction networks of the anion and cation, and
presupposes that the lattice serves as the primary sequestration
reservoir for Oi. The present work advances the understanding
of the TiO2 system by building upon that model to account for
the behavior of the Ti cation, and Ti–O network coupling
through extended defects that actually serve as the dominant
sequestration reservoir. The model provides estimates for the
activation energies and pre-exponential factors describing the
injection, site-hopping diffusion, and interaction of Tii with
extended defects. Some of these parameters have no existing
counterparts in the literature. Counterintuitively, the surface
concentration of injectable Ti increases with temperature, rather
than decreasing as in conventional gas adsorption.

Calculation method

The approach to microkinetic modeling of defect behavior
followed the approach described elsewhere.13 Primary data
originated from a gas-solid exchange method, in which rutile
TiO2(110) single crystals were annealed (550–700 1C) in iso-
topically labeled gas (18O2) and a gaseous flux of 46Ti from
labeled TiO2 contained in a heated source. The O2 gas 499%
isotopically pure, and the Ti was enriched to 76.4%. Prior to
isotopic exchange, specimens were annealed in natural abun-
dance O2 for 4 h at the selected diffusion temperature and
oxygen pressure to help equilibrate defect concentrations as
well as to thermally clean the surface. Specimens were sub-
sequently annealed in 18O2 gas for 30 min at 5 � 10�6 Torr with
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simultaneous exposure to a flux of 46Ti. Isotopic Ti and
O profiles were measured ex situ with a time of flight SIMS
with a 2–3 keV oxygen and cesium ion beam, respectively.
Other procedural details and examples of primary data appear
in ref. 8.

Tii represents the majority Ti-related point defect in rutile,
and the majority defect overall under the conditions of the
experiments. Prior work3–5 has shown that Oi carries essentially
all the oxygen diffusional flux. This dominance follows from
the fact that Oi is the majority O-related defect in rutile TiO2

under the conditions of the experiments with a clean surface in
proximity, and that Oi moves more quickly than VO. The shapes
of the diffusion profiles for both elements follow from the
kinetics of Tii and Oi injection, migration, and reaction with
reservoirs such as extended defects.

The lattice may also serve as a reservoir in principle, but does
not play a significant role in determining isotopic Ti profile
shapes for the temperatures and timescales examined here. The
reasons are subtle. First principles calculations indicate that Tii

diffusion by exchange with nearby lattice Ti atoms9 represents
the lowest energy pathway, compared with a direct pathway
involving no exchange. Thus, the mean path length of a labeled
Tii atom before lattice sequestration is only one atomic diameter.
Yet experimental profiles show these mean path lengths range
from 10 to 1000 nm. Moreover, the barriers for Tii hopping are
rather low (0.35 eV), so that many hops occur during the
diffusion experiments that last on the order of an hour. There-
fore, labeled atoms do exchange into the lattice and remain there
for very brief intervals, but that sequestration time is so short
that the experiments cannot distinguish that process from a
hypothetical low-barrier direct pathway. The experiments still
yield the exponentially shaped profiles characteristic of non-
exchanging interstitials, with sequestration under those condi-
tions dominated by extended defects.

1. Differential equations for defect reaction and diffusion

Reaction and diffusion behaviors were embodied in continuum
equations taking the general form,

@Cj

@t
¼ �@Jj

@x
þ Gj ; (1)

where x and t represent the spatial and temporal coordinates,
Cj is the concentration, Jj is the flux and Gj is the net generation
rate of interstitial isotope j, respectively. The flux obeys Fickian
diffusion for each mobile species with site-hopping diffusivity
Dj. The Gj term contains a series of elementary-rate expressions
for sequestration and emission in the bulk. The computations
assumed a dominant charge state of +4 for Tii

10–12 and �2 for
Oi.

3,5 In line with prior work, the concentration of Oi was
assumed to be in chemical (though not isotopic) equilibrium.
However, in light of evidence for non-equilibrium behavior of
Ti from previous work5,8 with small amounts of foreign adsor-
bate, this assumption was relaxed slightly to quasi-steady state
for Tii.

Despite the fact that the Ti was not quite in chemical
equilibrium in the experiments, approach to equilibrium was

likely to be sufficiently close to merit the use of a thermo-
dynamic framework to quantify the total concentration of Tii. The
computed enthalpy and entropy of formation may not match the
true values exactly, but they are likely to be close and thereby
offer a useful point of comparison with literature values. The
calculations followed the convention of reference5 to express
the total concentration of Tii (CTi,tot) as

CTi;tot ¼ CTi;latexp
DSf ;Ti

kB

� �
exp �DHf ;Ti

kBT

� �
PO2

�1 n

Nc

� ��4
; (2)

which describes a function of the standard enthalpy (DHf) and
entropy (DSf) of formation, the electron concentration n, and
the oxygen partial pressure PO2

. NC denotes the effective density
of states in the conduction band, and T and kB respectively
denote temperature and Boltzmann’s constant. CTi,lat represents
the Ti concentration in lattice sites. In this convention, DHf and
DSf are defined for Tii

4+ in a hypothetical state wherein the Fermi
level EFermi is located at the valence band maximum. Any Fermi
level dependence of the interstitial concentration is contained
within the term (n/Nc). The mass action law relates the concen-
tration of n and p according to:

np ¼ NVNC exp � Eg

kBT

� �
(3)

where Eg is the band gap of rutile and NV (the effective density
of states in the valence band) and NC vary with temperature.

As the formation enthalpy and entropy for CTi,tot are model
outputs rather than inputs, computation of CTi,tot ultimately
began with the electroneutrality condition for the solid, whereby
the sum of charges from donors, acceptors and free carriers
must sum to zero. For TiO2, which is well known to be n-type,
the majority donor concentration was computed as indicated
below. The electron concentration n was computed from this
donor concentration, and the hole concentration p was be
calculated through the law of mass action for charge carriers
with the known band gap and effective densities of states for
TiO2. The band gap Eg was estimated by the simplified Varshni
equation:

EG = E0K � bT, (4)

where E0K = 3.06 eV and b = 0.00088 eV K�1.13–15

Electroneutrality requires that the majority carrier concen-
tration equal the majority donor or acceptor concentration in
its primary ionization state, which in the present case leads to

n E 4CTi,tot. (5)

Five isotopes comprise natural-abundance titanium:
48Ti(73.72%), 46Ti(8.25%), 47Ti(7.44%), 49Ti(5.41%) and
50Ti(5.18%). The total concentration of Ti in the lattice is

CTi,tot = C48 + C46 + C47 + C49 + C50 = 3.19 � 1022 cm�3,
(6)

where the total lattice titanium concentration remains the
same throughout the experiment. For computational efficiency,
all non-label Ti isotopes (48Ti, 47Ti, 49Ti, and 50Ti) incorporated
into a single aggregate concentration variable.
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The flux J for each mobile isotope was assumed to obey
Fick’s laws of diffusion, with the hopping diffusivity DTi for Tii

represented by the expression,

DTi = gc2G. (7)

In eqn (7), g denotes a geometric factor that equals 1/6 in three
dimensions, c is the hop length which is equivalent to a lattice
spacing and G is the jump rate that is expressed by,

G ¼ n exp DSdiff ;Ti

kB

� �
exp �Ediff ;Ti

kBT

� �
: (8)

Combining eqn (7) and (8), DM,Ti can be expressed as,

DTi ¼ D0;Ti exp �
Ediff ;Ti

kBT

� �
; (9)

where D0 is the pre-exponential factor,

D0;Ti ¼
1

6
nl2 exp

DSdiff ;Ti

kB

� �

In rutile, Ti and O interstitials exchange with the edges16,17

of platelets and crystallographic shear planes in a 1 : 2 stoichio-
metric ratio. Accretion is diffusion-limited, and emission is
thermally activated. Molecular dynamic simulations suggest
that extended defects interact more strongly with negative ions
such as Oi

2–17 than with positive ions, so association of Tii
4+

constitutes the rate-limiting step for accretion.
As an approximation, all extended defects in the bulk were

assumed to have the same properties with respect to exchange
kinetics with Tii. The stoichiometric equations for exchange
could then be written as:

Tii þ E  !
kassc;Ti

kdssc;Ti
E; (10)

with extended defects of all kinds lumped into a single concen-
tration variable [E]. The simulations described the forward
accretion reaction with a conventional diffusion-limited reac-
tion expression.

Emission of Tii as assumed to follow first order kinetics in
[E] with dissociation rate constant, kdssc,

kdssc ¼ Adssc exp �
Edssc

kBT

� �
(11)

where Adssc is the pre-exponential factor and Edssc is the activa-
tion energy. To maintain extended defect stoichiometry, the
emission expression for Ti was multiplied by a factor of two to
yield the rate of Oi.

Accretion of Ti was also assumed to follow first order
kinetics in [E] and in CTi, with a standard diffusion limited
rate constant kassc:

kassc = 4paEDTi. (12)

DTi is the diffusivity for Tii and aE is the capture radius set to
2 � 10�8 cm. This radius represents an approximation, as the
actual capture radius depends on several factors including the
extended defect type as well as the charge state and identity of
the atoms involved.18 To maintain extended defect stoichiometry,

the accretion expression for Ti was multiplied by a factor of two to
yield the rate of Oi.

Two distinct spatial regions characterize the concentration
of extended defects in the presence of gaseous Ti:8 a skin region
extending about 20 nm from the surface, and a deep bulk
region further down. Experimental profiles for isotopic Ti
(and O) exhibit exponential shapes when plotted in suitable
normalized form, as shown in Fig. 3. Because the skin region
grades smoothly into the deep-bulk region, a curvature para-
meter k was computed point by point to delineate the boundary
between the regions.8 In the skin region, the shapes often exhibit
curvature that is convex upward in Fig. 3, indicative of the
nucleation and growth of extended defects. Although the same
rate expressions and parameters for exchange with extended
defects were employed throughout the solid, [E] was treated
differently in the skin and deep bulk regions.

In the deep bulk, the extended defects undergo ripening in
size and concentration during the isotopic exposure. Their
concentration varies with temperature due to the conventional
ripening processes that extended defects often undergo.19–23

The rate of such ripening in TiO2 depends upon the availability
of Tii, as the concentration of Oi appears to be essentially in
chemical equilibrium4 while the concentration of Tii slowly
evolves.

To account for ripening mechanism of the extended defects
that were already present at the start of isotopic exposure (after
the initial annealing in natural abundance O2), [E] was estimated
in the deep bulk region through a simplified Gibbs-Thomson
expression24–26 for Ostwald ripening:

exp(O), (13)

where O is a parameter that depends on a ripening enthalpy
DHripen according to:

O ¼ 2DHripen

kBT
(14)

that was adapted from the experimental work of Madras
et al.24,26,27 The bulk extended defect concentration then
becomes,

[E] = exp(O)CE, (15)

where CE is a baseline concentration of the extended defects
that was determined to be 1 � 1016 cm�3 from manual fitting
of the Ti profiles at 650 1C and an oxygen pressure of
5 � 10�6 Torr.

In the skin region, an additional contribution to [E] was
included due to nucleation and growth. The spatial variation of
this contribution undoubtedly varied not only with temperature
but also with time during the isotopic exposure. Because
explicit temporal dependence in the rate expressions presents
a difficult mathematical problem that lies beyond the cap-
abilities of the numerical differential equation solver employed
here, and because the isotopic exposure time was always the
same in the experiments, the simulations included the temporal
dependence only implicitly and phenomenologically through
the temperature dependence. Based upon visual inspection of
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the Ti and O profile shapes, the additional contribution to [E]
was assumed to have a Gaussian functional form on depth x
from the surface:

f ðxÞ ¼ a exp � x2

2c2

� �
(16)

where c describes the characteristic width of the skin region
and a describes the amplitude. The quantity c was set equal to
20 nm for Ti based upon manual fittings of Ti experimental
profiles at 5 � 10�6 Torr. The functional form of a originates
from an expression adapted from Chao et al.28 to quantify the
concentration of dislocation loops in silicon, and obeys:

a ¼ 4p
rE

rlatt

� �2

DTi þDOð Þ exp �DHgrowth

kBT

� �
qc; (17)

where rE denotes the radius of a spherical extended defect and
rlatt denotes the interatomic spacing of the lattice. DHgrowth

represents the activation enthalpy for extended defect growth,
and qc is a phenomenological fitting parameter. The average
radius rE was estimated to be about 10 nm based upon existing
literature for platelets in TiO2, and rlatt equals 1.77 � 10�8 cm.
The constant qc was determined to be 1 � 106 based upon
manual fitting of the Ti and O profiles at 5� 10�6 Torr. Eqn (17)
differs slightly from that of Chao et al.28 in order to represent
extended defects as a spheres rather than tori in accord with the
literature for rutile TiO2.19 DTi dominates DO in eqn (17), as
extended defect growth is limited by Ti diffusion.

Fig. 2 shows an example of [E] vs. depth in the skin region
for a typical set of conditions employed in the simulations. The
additional contribution to [E] exceeds the baseline contribution
from the deep bulk by a large factor – about 103 in the case
of Fig. 2.

2. Boundary and initial conditions

The initial conditions for Cj assumed that each isotope was at
its natural-abundance equilibrium value throughout the solid.
For boundary conditions deep within the solid, the concentra-
tions Cj were assumed to remain at their natural abundance
values with no spatial variation. Mathematically, these condi-
tions were implemented by qCj/qx = 0 as x - N. The corres-
ponding boundary conditions at the surface incorporate kinetic
expressions for defect injection and annihilation. The surface
conditions obey the form:

�Dj
@Cj

@x

����
x¼0
¼ rinj;j � rann;j ; (18)

where rinj,j and rann,j respectively denote the elementary-step
injection and annihilation rates. The rates of adsorption and
desorption from the gas were assumed to be much faster than
that of interstitial annihilation and injection. This assumption
has been justified elsewhere for oxygen.5 For Ti, separate
control experiments involving epitaxial film TiO2 film growth
of measureable thicknesses at much higher O2 pressures
showed that the rinj calculated in the sections below remained
far less than the incident flux of Ti from the gas phase.

The principle of detailed balance requires that the surface
injection sites be identical to the annihilation sites, and we
assume those sites contain a well-defined concentration y of
injectable Ti. Annihilation and injection kinetics were described
by direct analogy to adsorption and desorption of gaseous
species according to first-order Langmuir-type expressions.21

The annihilation/injection sites for Tii (all isotopes) have a
fractional coverage yTi. The injection rate follows first-order
kinetics:

rinj,Ti = kinj,Tinsat,TiyTi. (19)

where kinj,Ti denotes the injection rate constant for Tii and nsatTi

is the maximum concentration of injection sites per unit area
under the experimental conditions. Upon initiation of isotopic
exposure, the relative contribution of each isotope to yTi was
assumed to reflect that of the incoming flux from the gas phase,
meaning that is y46Ti comprises 76.4% of the total. The injection
rate constant was expressed as:

kinj ¼ ninj exp �
Einj

kBT

� �
; (20)

where Einj is the activation energy and ninj is the pre-exponential
factor with a value assumed to be a typical value of 1.0 � 1013 s�1.

The annihilation rate for Tii was expressed as,

rann;Ti ¼
3DTiS0

‘Ti
Ysat;Ti 1� yTið ÞCTii;x¼0 ; (21)

where cTi is the diffusive site-to-site hopping length for Tii and
S0 denotes a constant zero-coverage sticking probability. The
fractional concentration of injectable Ti was scaled to a theore-
tical maximum value nsatmaxTi, which in principle can vary with
the particular surface reconstruction present and poisoning by
foreign adsorbates. Such effects were incorporated through the
quantity

Ysat;Ti ¼
nsat;Ti

nsatmax;Ti
: (22)

Coverage calculations made use of the quasi-steady state
conditions at the surface, which require that the injection
rate of Tii (summed over all isotopes) equals the annihilation
rate:

nsat;Ti
@yTi
@t
¼ DTi

@CTi;tot

@x

����
x¼0
¼ �rinj þ rann ¼ 0: (23)

This leads to the following expression for yTi:

yTi ¼
3DTiS0CTi;totðx¼0Þ

nsat;maxlninje
�
Einj

kBT þ 3DTiS0CTi;totðx¼0Þ

: (24)

3. Parameter estimation and confidence intervals

Activation energies, pre-exponential factors, and other parameters
embedded within the system of equations represented by eqn (1)
were determined via the least squares technique of weighted
sum of square errors (WSSE). Application of this approach
to oxygen in TiO2 has been described in detail elsewhere,5
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and relies upon iterative solution of the coupled system of
eqn (1) for each interstitial defect species using the FLOOPS
simulator.29 The resulting simulations yield concentration depth
profiles of the isotopically labeled elements diffusion profiles
Cexp(x). The difference between the simulated and experimental
profiles, Csim(x) � Cexp(x), is computed for a discrete set of
depths x for each profile and the WSSE objective function is
then minimized as the constituent parameters are varied system-
atically in small increments. Only parameters with significant
sensitivity coefficients (from a separate sensitivity analysis) were
adjusted. Separate objective functions were defined for Oi and Tii

that were minimized in multiple sequential iterations. Iterations
were terminated when the objective functions for both O and Ti
changed by less than a tolerance of 0.1%. Confidence intervals at
the 67% level were computed as described elsewhere.5 After the
procedure was finished, the results for Oi remained fairly close to
those previously published5 for the large majority parameters
where direct correspondence could be established.

Several initial parameters were determined from quantum
calculations in the literature.9,30,31 Values for the enthalpy and
entropy of formation for Tii in rutile TiO2 were gleaned from
experimental literature,10,11,15,30,32–35 with using maximum like-
lihood estimation employed to obtain aggregated averages from
multiple reports.9 Calculation of NC and NV employed effective
masses of electrons and holes given in the literature.36–42 For
emission from extended defects, a value of 3.2 eV was based
upon the analogous process for self-interstitials from inter-
stitial clusters in silicon,18 which is as a loosely similar semi-
conductor system. For oxygen, initial parameters were mostly
taken from a previous microkinetic model.5

Results

Table 1 shows parameter estimates and confidence intervals for
the optimal Tii WSSE values. The final values do not change
significantly from the initial value except those for DHgrowth and
DHripen decrease by B70%. Fig. 1 shows representative experi-
mental and simulated profiles for 46Ti at PO2

= 5 � 10�6 Torr. The
simulated profiles replicate the experimental data fairly accurately
in the deep bulk, but exhibit more convexity in the skin region.

An analytical model can be applied to each experimental
profile43,44 to yield the net surface flux F of the injected marker,
its mean diffusion length l, and the effective diffusivity Deff

characterizing the profiles (distinguished from the hopping
diffusivity DTi of the mobile intermediate). The composite para-
meter Deff is given by

Deff ¼
Fl

CT
S;t0
� C18

S;t0

h i: (25)

This analytical approach aggregates the profile data differently
from the WSSE method. WSSE considers all the profiles simul-
taneously in a global way to obtain fundamental quantities
such as Einj and Ediff,M, with heavier weighting given to values of
C18

S that have smaller standard deviations (and are typically
large). Composite parameters such as F and l can be then
calculated by relations such as eqn (18) and (for sequestration
by extended defects):

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

4prE½E�

s
: (26)

In contrast, the analytical approach yields F, l and Deff on a
profile-by-profile basis, with all data points within the profile
given the same weight in a least-squares fit. In turn, the tem-
perature dependencies represented by parameters such as EF

and El come from least-squares Arrhenius fits of the profile-by-
profile numbers. Because of these methodological differences,
the WSSE and analytical results for the temperature and pressure
dependencies of F, l and Deff are likely to differ.

Table 1 Initial and final parameters for Tii

Parameter Eq. Initial value WSSE estimate value

DHf 18 10.67 eV 10.1 � 0.2 eV
DSf 18 2.38 � 10�3kB (2.15 � 0.1) � 10�3kB

DHgrowth 24 0.7 eV 0.15 � 0.05 eV
DHripen 27 0.7 eV 0.20 � 0.05 eV
Ediff,M 49 1.0 eV 0.5 � 0.02 eV
Do,M 49 1.0 � 10�2 cm2 s�1 (5.0 � 0.2) � 10�3 cm2 s�1

ninj 30 1.0 � 1013 s�1 (1.0 � 0.1) � 1013 s�1

Einj 30 0.5 eV 0.55 � 0.01 eV
AdsscTi 46 1.0 � 1013 s�1 (1.0 � 0.1) � 1013 s�1

EdsscTi 46 3.2 eV 3.3 � 0.4 eV
S 34 1 � 10�6 (5.0 � 0.1) � 107 cm�2

Nsat,Ti 33 1 � 1014 cm�2

Nsatmax,Ti 33 2.6 � 1014 cm�2 2.6 � 1014 cm�2

S � nsat,Ti cannot be deconvolved.

Fig. 1 Examples of isotopic Ti diffusion profiles for Ti-flux surface simu-
lated based on WSSE optimized parameters (black lines) compared to
corresponding experimental profiles (symbols). Oxygen pressure was
5 � 10�6 Torr.

PCCP Paper



4592 | Phys. Chem. Chem. Phys., 2018, 20, 4587--4596 This journal is© the Owner Societies 2018

Fig. 4 compares in Arrhenius form key results for Deff, F and
l from the microkinetic and analytical approaches. The values
of Deff and l are shown in the deep-bulk region. The results for
l match quite closely between the two methods, but micro-
kinetic approach yields a much stronger temperature depen-
dence for Deff and F. The plots cross each other approximately
where the density of data points is highest. Table 2 tabulates
the temperature dependences of these quantities through
their effective activation energies EF, El and Ediff. Although
El matches for the two approaches, Ediff and EF from the
microkinetic approach exceeds their analytical counterparts
by nearly 2 eV.

Fig. 5 shows the coverage of injectable Ti in the temperature
range of 700 K to 1200 K, which includes the range 820–1030 K
of the experiments. The coverage increases with temperature,
although the slope first increases slightly in a pressure-dependent
way and then decreases. At the high end of the temperature range,
the effective pressure of Ti exerts no effect on yTi. At the low end,
yTi increases rather weakly with pressure. The transition between
the two regimes fortuitously occurs within the experimental
temperature range.

Fig. 6 shows the predicted point defect and carrier concen-
trations in the deep bulk region as a function of temperature at
the experimental pressure PO2

= 5.0 � 10�6 Torr and as a

Fig. 2 Graphical depiction of [E] as a function of depth at PO2
of

5.0 � 10�6 Torr.

Fig. 3 46Ti diffusion profiles on a semilogarithmic scale. The character-
istic diffusion length, l, can be determined from the slope of the linear fit in
the deep-bulk region.

Fig. 4 Tii diffusion Arrhenius plots of (A) characteristic diffusion length, l,
(B) net injection flux, F, and (C) effective diffusivity, Deff, for the analytical
and WSSE method to analyzing isotopic diffusion profiles. Analytical results
have discrete data points for each profile (symbols) and a least-squares fit
(line), the simulated WSSE results are represented by the black line.

Table 2 Tii activation energies for F, l and Deff calculated using the
analytical and WSSE method

Activation energy Clean (eV)

Analytical El 0.18 � 0.08
EF 0.17 � 0.10
EDeff

0.35 � 0.25

WSSE El 0.22 � 0.02
EF 2.08 � 0.04
EDeff

2.30 � 0.04
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function of oxygen pressure at 873 K. All point defect and
carrier concentrations rise in Arrhenius fashion as temperature
increases. The concentration of Tii exceeds that of Oi by over
three orders of magnitude, and accordingly the rutile is strongly
n-type. As the oxygen pressure increases, the concentration of
holes and Oi increases while the concentration of electrons and
Tii decreases.

Fig. 7 shows the temperature dependence of the net injected
fluxes of 46Ti and the aggregated other isotopes in Arrhenius
form. This figure also shows the elementary-step components
rinj and rann for the isotopic label. The net injection flux of 46Ti
exceeds that of the other aggregated isotopes, in accord with the

isotopic enrichment of the gas phase. The net isotopic injection
flux reflects mainly rinj rather than a small difference between
the constituent injection and annihilation rates. Elementary-
step injection dominates annihilation by about an order of
magnitude. All the flux magnitudes are quite large, however,
with F near one monolayer per second at the upper end of the
temperature range.

As the thermodynamic parameters for a charged defect vary
with EFermi, it is useful to compute a formation enthalpy DHf*
for Tii at the value of EFermi that exists under the experimental
conditions. Direct manipulation of thermodynamic expressions
for Tii shows that

DHf* = DHf � 4EFermi. (27)

For the value of EFermi of about 2.4 eV at 773 K that prevails in
the experiments, DHf* is roughly 3.1 eV. EFermi decreases some-
what with increasing pressure and temperature, which thereby
induces a corresponding increase in DHf*.

Discussion
1. Oi and Tii thermodynamic quantities

The microkinetic value of DHf for Tii of 10.1 � 0.2 eV falls
within the range of values between 10.13–11.98 eV already
published for rutile.11,45–47 Comparable values computed by
first-principles density functional theory (DFT) lie about B20%
higher at 11.59 eV,34 12.18 eV10 and 12.13 eV.30 The reason for
the difference is unclear. The microkinetic value of DSf is
(2.15� 0.01)� 10�3kB, which is very close to experimental reports
of 2.47 � 10�3kB

45 and 2.29 � 10�3kB.46 All these numbers are
quite small, and point to negligible contributions of vibrational or
ionization contributions in the formation process. The effective
formation enthalpy DHf,Ti* for Tii

4+ is 3.1 eV, where,

DHf* = DHf + (�4)EFermi. (28)

The close resemblance of this value to the barrier (3.3 eV) for Tii

from extended defects may not be coincidental; as the atomic

Fig. 5 Coverage of injectable Ti as a function of temperature and oxygen
pressure. The experimental temperature range was 820–1030 K, with an
approximate effective pressure of Ti on the order of 10�7 Torr.

Fig. 6 (A) Equilibrium defect and carrier concentration in rutile TiO2 at
PO2

= 5 � 10�6 Torr. (B) Equilibrium defect and carrier concentrations in
rutile TiO2 at 873 K as a function of pressure between PO2

= 5 � 10�4 and
5 � 10�6 Torr.

Fig. 7 Net fluxes of 46Tii and *Tii (all other isotopes of Ti) at PO2 = 5 �
10�6 Torr and the elementary-step components of the net injection rate
for 46Tii.
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bonding within an extended defect is broadly similar to the that
within the thermodynamic reference state for Tii.

2. Tii diffusion and sequestration in rutile TiO2

Table 1 shows a value of 0.50 eV for the activation energy for
Tii site-to-site hopping. The corresponding value from DFT is
0.37 eV.30 Both numbers fall below the 0.65 eV for Oi, and
follow a similar ordering revealed by DFT studies of Oi and Zni

in ZnO.48–50 The barrier for Tii are also modest compared to
0.72 eV for self-interstitials in Si.51 Despite the lower hopping
energy for Ti than O, DTi remains lower than DO because the
prefactor for DTi is 16 times less.

The barrier for Tii emission from extended defects is 3.3 eV.
To our knowledge the literature reports no directly comparable
number. One rough analog is the emission of Sii and Bi from
extended defects (clusters, {311} loops, dislocations) in silicon,18,52

with an activation energy between 3.5 and 3.7 eV. This range lies
close to the value for TiO2.

The strong temperature dependence of Deff and F in the
microkinetic approach compared to the analytical approach
deserves comment. As indicated in ref. 8, the experimental
values of F were determined directly from the areas under the
entire profiles – including both the skin and deep bulk regions.
The overwhelming majority of the injected isotope resides
within the skin region. The time-dependent effects of extended
defect nucleation and growth are also most pronounced in this
region. As described in the computational methods, the simula-
tion platform employed here forces these temporal effects to be
subsumed within the effective temperature dependence. That
approximation may be too severe. As the computed values of Deff

in the deep bulk region contain F as indicated in eqn (26),
problems in computing F propagate linearly into Deff.

An additional weakness of the analytical approach also
deserves mention. The analytical approach employs a deep-
bulk boundary condition of qCj/qx = 0 as x -N. Yet numerical
implementation of this boundary condition requires the estab-
lishment of specific values for the Tii and Oi steady-state
concentrations in the deep bulk. Such establishment tacitly
presupposes the existence of a defect disorder model with the
appropriate thermodynamic quantities. Yet such a model does
not exist for rutile that includes both Oi and Tii; that is partly
what the microkinetic model seeks to accomplish. Use of the
analytical approach as the initial technique for profile correlation
requires the a priori assumption of deep-bulk concentrations of
Oi and Tii that are typically independent of both temperature and
pressure. The specific value employed in ref. 3–5 and 8 was
1 � 1015 cm�3. This value is crudely approximates the geometric
mean of the microkinetic values shown in Fig. 5, but differs by
roughly 1–2 orders of magnitude from both. Obviously the
microkinetic approach permits the variation of both the Oi and
Tii concentrations with T and P.

3. Surface kinetics

The WSSE value of 5.0 � 107 cm�2 for the composite parameter
nsat,TiS0 lies nearly two orders of magnitude below that reported
in ref. 5 and 53 for Oi. As suggested in an earlier publication,8

presence of Ti in the gas phase induces a surface reconstruction
from (1 � 1) to Ti-rich (1� 2) periodicity whose changed atomic
geometry could easily propagate into both nsat,Ti and S0. This
reconstruction appears to increase either or both of the number
and efficiency of Oi injection sites, and net injection rates for Tii

injection are close to those for Oi. It seems plausible that nsat,Ti

is comparable to the corresponding value for Oi, although
injection sites occasionally compose only a small fraction of the
surface atom density for a given element.6 Hence, it seems likely,
though not certain, that the small value of nsat,TiS0 originates
from a small value of S0 rather than nsat,Ti.

The surface injection barrier of Tii is 0.55 eV. This value agrees
rather well with the values of 0.44 eV54 from scanning transmis-
sion microscopy and 0.47 eV9 from DFT. This agreement supports
the important point that the microkinetic approach yields good
estimates of injection barriers even when the T dependence of
F suffers the problems discussed above. The modest barrier
undoubtedly facilitates the growth of the near-surface extended
defects observed in the presence of gaseous Ti.19,20 Curiously, the
injection barrier is only slightly greater than the site-to-site hop-
ping barrier in the bulk. This behavior contrasts markedly with Oi

injection of Zn-terminated ZnO(0001), where the DFT-computed
barrier of 1.7 eV considerably exceeds the corresponding hopping
barrier of 0.35 eV.7 The key geometries involved in Tii injection
into TiO2 involve unusual behavior, however. DFT calculations
show that Ti adatoms on the surface distort the configuration of
nearby O atoms54 so severely that Tii in the bulk is actually more
stable than Ti adatoms by 0.5 eV or more.30 This counterintuitive
behavior undoubtedly facilitates injection of Ti by the surface.
Although these calculations involved the (1 � 1) rather than the
(1 � 2) reconstruction believed to prevail in the present experi-
ments, a related facilitation probably occurs.

4. Defect coverage

Given the evaporation source for Ti employed in the experiments,
the effective pressure of Ti at the surface is not known. However,
separate experiments involving the growth of isotopic heterostruc-
tures of TiO2

53 employed the same source, and established a
minimum value for the Ti flux at B1012 atom per cm2 s�1. Although
the sticking probability of the adsorbing Ti species is unknown,
assumption of a maximum value of unity leads to a minimum
effective value for PTi of B10�7 Torr. The behavior of yTi in Fig. 4
exhibits two striking characteristics: the increase as T rises and the
low absolute values. In the temperature range of the experiments,
yTi rises modestly and exhibits only a weak pressure dependence.

The upward trend in yTi runs opposite to the analogous case
of gaseous adsorbates, for which coverage generally decreases
with increasing temperature. Such behavior in y has been
observed for O injection into ZnO55 and represents a qualitative
difference from surface-gas equilibrium. The difference origi-
nates primarily from the existence in the solid case of
temperature-dependent terms for defect hopping and charging.
The effects of solid hopping enter through Ediff, and those of

charging manifest through
p

NV

� ��2
and its multiplying factor

that contains DH. These terms have no counterparts in
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surface-gas equilibrium. Furthermore, although defect annihi-
lation at a surface bears some resemblance to gas adsorption,
the diffusional hop that leads directly to an annihilation event
necessarily incorporates significant thermal activation. In con-
trast, barriers to gas adsorption are typically much smaller.
Only defect injection (through Einj) has a direct counterpart to
gas desorption (through the desorption barrier). The increase in
yTi differs from that for yO

5 and does not necessarily generalize
to other metal oxides, as the numerical values of the parameters
contributing to eqn (25) may conspire in very different ways.

The values of yTi lie in the range of only a few thousand
injectable atoms per square centimeter. Such a value is unphy-
sically low, and would require injection rates of a few atoms per
picosecond at each site to reach the measured values. Outside
the experimental range, values of yTi drop below 1 cm�2 at
775–850 K depending upon pressure, and do not reach unity until
T 4 105 K. Such behavior points to problems with either the
kinetic expressions employed for injection and annihilation or
assumptions about certain constituent numerical parameters.

The problem probably stems from the assumption that the
pre-exponential factor for injection is roughly 1013 s�1. As
indicated above, the barrier for injection of Tii is unusually
low. In gas desorption, systems with unusually low desorption
barriers often have correspondingly low pre-exponential factors
that compensate.56,57 Examples include Ga(C2H5)3 desorbing
from GaAs(110)58 and GeCl2 desorbing from Ge(100) and
(111),59 where the prefactors range from 105 to 107 s�1 with
corresponding barriers of 0.8–1.1 eV. If such compensation
characterizes defect injection, then the value of 1013 s�1

assumed for ninj is much too high and may need to be lowered
by a factor of 106 or more. This change would increase the
computed values of yTi by exactly the same factor. For example,
with ninj assumed to be 106–107 s�1, yTi would rise to 10�2–10�3

in the experimental range. The apparently unphysical behavior
would largely disappear.

Conclusion

Although microkinetic modeling of networks for the diffusion
and reaction of point defects in elemental semiconductors such
as silicon has been practiced for several decades, corresponding
efforts in oxide semiconductors – especially with surfaces
nearby – remain in their infancy. The present work for Tii in
TiO2 represents the first such attempt for a cation defect. The
resulting microkinetic estimates of barriers for injection and
site hopping lie gratifyingly close to corresponding numbers in
the literature, and the barrier for Tii emission resembles that
for the closest available system in the literature. Such results
offer confidence that the microkinetic approach holds promise
for cations in other metal oxide semiconductors. The counter-
intuitive behavior predicted for injectable cation coverage, and
the suggested change in cation annihilation rate due to surface
reconstruction, point to aspects of the system that might be
examined to accomplish defect manipulation intentionally.
Microkinetic models have long provided a useful basis for such

manipulation in silicon. The suggested anomaly in the pre-
exponential factor for injection points to a curiosity in the
fundamental chemistry of defect injection that may resemble
analogous phenomena in gas desorption.

However, the results described here also highlight important
challenges for realizing that promise. Isotopic heterojunctions
involving the metal cation are difficult and costly to fabricate for
metal oxides, so the primary experimental data will commonly
involve exposure to gaseous isotopic label as in the present case.
Even with quite modest gas fluxes of the metallic label, time-
dependent nucleation and growth of extended defects near
the surface greatly complicate the data interpretation and
simulation. The present work employed a parameterized and
semi-empirical description that was constrained to fold time-
dependent effects into effective temperature-dependent input
parameters. This constraint degraded the ability of the model
to adequately reproduce the net injection flux. A differential
equation solver of higher sophistication, or a Monte Carlo
approach to simulating the governing equations, could perhaps
remove the mathematical difficulty. Yet incorporation of reli-
able nucleation and growth kinetics would remain challenging,
as such kinetics are typically unknown.
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