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1. Shallow-slope profiles

After subtraction of the natural-abundance baseline from raw isotopic profiles, small but 

nonzero slopes become evident as shown in the examples below. 

Figure S1. Normalized 18O concentration profiles for nonpolar ZnO( ) annealed at T = 510 oC 101̅0

and (blue) and 600 oC (orange) at = 5 10-5 Torr.
𝑃𝑂2 ×
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2. Description and comparison of mesoscale modeling approaches

2.1. Classical equilibrium model 

2.1.1. Background

If T and  are maintained between the equilibration and diffusion steps in self-diffusion 
𝑃𝑂2

experiments, the isotopic label moves in the absence of a spatial gradient in chemical composition. 

The tracer diffusivity1 describes the label’s resulting profile. If T and are changed so that 
𝑃𝑂2

gradients in defect populations arise, the chemical diffusivity2 describes the resulting profile. In 

studies of chemical elements that do not readily gasify or adsorb under laboratory conditions, 

isotopic heterojunctions serve purposes similar to gas exchange experiments.3

Classical formalisms for tracer diffusivities assume global equilibrium throughout the 

solid,4 while those for chemical diffusivities assume local equilibrium2,5 manifested in a 

thermodynamic factor. However, tracer or chemical diffusivities represent composite quantities 

from which deconvolution of site-to-site hopping diffusivities Dhop from thermodynamic terms can 

be difficult. More importantly, in some semiconductors the assumption of either global or local 

equilibrium is questionable. In ZnO and TiO2, for example, O vacancies were long assumed to 

dominate diffusive behavior of oxygen even under conditions where first-principles calculations 

pointed to Oi as the most stable species thermodynamically.6–12 High barriers for generating Oi via 

bulk pathways rendered those alternatives kinetically inaccessible during practical laboratory time 

scales. Recent work has partly circumvented this problem by employing clean surfaces to generate 

interstitials via lower-energy pathways that are experimentally accessible.13–15 However, 

sequestration and release of these interstitials by slowly evolving extended defects16–18 impedes 

the approach to true equilibrium, thereby complicating the interpretation of the fitted diffusivities.
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2.1.2. Mathematical implementation

In the equilibrium approximation, evolution of the concentration C of isotopic label in a 

tracer experiment as a function of time t and depth x obeys Fick’s second law: 

(S1),

∂𝐶
∂𝑡

= 𝐷𝑡𝑟
∂2𝐶

∂𝑥2

where Dtr denotes the tracer diffusivity. A convenient solution that circumvents use of a surface 

exchange coefficient K results by solving the diffusion equation in terms of a net injection flux F 

of isotopic label that is assumed constant. At the surface (x= 0), the boundary condition becomes

F = –  (S2).𝐷𝑡𝑟 �∂𝐶
∂𝑥|𝑥 = 0

With an initial label concentration C0 distributed uniformly throughout the semi-infinite bulk 

(typically at the natural-abundance level), the concentration in the deep bulk remains at C0 

according to the boundary condition

C(x, t) = C0 (S3)

The solution to these equations is19,20

(S4).
𝐶 ‒ 𝐶0 = 2𝐹( 𝑡

𝐷𝑡𝑟
)

1
2exp ( ‒

𝑥2

4𝐷𝑡𝑟𝑡) ‒
𝐹𝑥
𝐷𝑡𝑟

𝑒𝑟𝑓𝑐(
𝑥

2 𝐷𝑡𝑟𝑡
)

Near the surface in the limit x0, the slope M of this profile reduces to

M = (S5),
‒

𝐹
𝐷𝑡𝑟

and the intercept B is given by

B = 2F (S6).
(

𝑡
𝜋𝐷𝑡𝑟

)1 2

Rearrangement of these expressions leads to the following expressions for F and Dtr: 
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F = (S7),
‒
𝐵2

4𝑀𝑡

and 

 = (S8),𝐷𝑡𝑟

𝐵2

4𝑀2𝑡

Propagation of small uncertainties M in the slope and B in the intercept manifest in F and 

Dtr according to

(S9),
∆𝐹
𝐹

=  ‒
∆𝑀
𝑀

+ 2
∆𝐵
𝐵

and

(S10).

∆𝐷𝑡𝑟

𝐷𝑡𝑟
=  ‒ 2

∆𝑀
𝑀

+ 2
∆𝐵
𝐵

Thus, fractional uncertainties in the intercept propagate equally into the two composite parameters, 

but fractional uncertainties in the slope propagate more strongly into Dtr than into F.

Eq. (S2) presupposes Dtr is the mathematical product of Dhop and a mole fraction of mobile 

species – Oi in the present case. When the crystal lattice serves as the sequestration site for the 

mobile species, as is typically the case for oxygen vacancies VO, the mole fraction consists of the 

concentration of VO divided by the concentration of lattice sites containing O. 

Extrinsic impurities or extended defects of concentration [S] serve as the primary 

sequestration sites for Oi in ZnO, so the mole fraction requires a different definition. Local steady 

state is assumed to exist between Oi and S, with most Oi residing in complexed form at 

concentration [SC]. The mole fraction contained within Dtr should therefore be normalized by SC 

according to [Oi]/[SC].

This phenomenon, coupled with the statistical factor modifying Dhop described in the main 

text, lead to the following expression for Dtr: 



S7

 =  (S11). 𝐷𝑡𝑟

[𝑂𝑖]

[𝑆𝐶]

[18
. 𝑂𝑖]

[16
. 𝑂𝑖] + [18

. 𝑂𝑖]
𝐷ℎ𝑜𝑝

This definition permits computation of Dtr from the microkinetic model, and enables direct 

comparison with corresponding values of Dtr from the classical equilibrium model.
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2.2. Hybrid mesoscale model in short-time limit

2.2.1. Background

Hybrid approaches exist between classical models and microkinetic simulators. Example 

hybrids have successfully described evolution of delta-function dopant profiles in Si,21 step-

function isotope profiles in Si,22 and isotopic self-diffusion in TiO2.23 These approaches typically 

work within “short-time” asymptotic limits wherein the mobile species undergoes a single 

sequestration event during a self-diffusion experiment. Profile fitting yields composite parameters, 

but requires relatively few assumptions that do not necessarily include equilibrium. Hybrid models 

can yield physical insights that remain unavailable at the classical or microkinetic endpoints.

A hybrid model applied to the present dataset entails solution of two continuum differential 

equations describing the spatial and temporal evolution of mobile and immobile forms of the 

isotopic label.23 In a short-time asymptotic limit, mobile Oi diffuses until sequestration, remaining 

there for the duration of the experiment. Local steady state is not required. The profile slope plotted 

on a semi-logarithmic scale yields the mean diffusion length , while the intercept yields F. The 

parameters may be combined to yield the effective diffusivity Deff = F2.

2.2.2. Numerical implementation

The short-time approximation predicts a profile wherein the concentration of sequestered 

label C varies with time t and depth x according to

(S12),
𝑙𝑛( 𝐶 ‒ 𝐶0

𝐶𝑇
0 ‒ 𝐶0

) = 𝑙𝑛( 𝐹

𝜆(𝐶𝑇
0 ‒ 𝐶0)

𝑡) ‒
𝑥
𝜆

where C0 denotes the initial label concentration and C0
T denotes the total concentration of 

sequestration sites. The slope of the profile equals –1/λ, and the intercept equals ln(

. In oxides such as rutile TiO2 wherein extended defects of concentration [E] 𝐹𝑡 (𝜆(𝐶𝑇
0 ‒ 𝐶0)))
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(distinguished from complexation sites of concentration [S]) serve as the sole sequestration sites, 

 obeys18

= (S13),𝜆
1

4𝜋𝑎[𝐸]

where a represents a capture radius. 

The effective diffusivity24 Deff may be computed by

    (S14).
𝐷𝑒𝑓𝑓 =

𝐹𝜆

[𝐶𝑇
0 ‒ 𝐶18

0 ]

Physically, Deff is equivalent to Dtr. However, the distinct different notation emphasizes that 

numerical values for Dtr originate from assumptions and procedures differing significantly from 

those for Deff, and are only loosely comparable.

2.2.3. Results and discussion

Application of the short-time formalism to the present data set results in in Figures S2 and 

S3 below. Close consideration of the numbers reveals a self-consistency problem.  With a capture 

radius of 2×10-8 cm,25 the values of  near 104 nm imply [E]  4×1012 cm-3. With a lattice oxygen 

concentration of 6.38×1022 cm-3, this concentration corresponds to an extended defect mole 

fraction of about 10-10. Even with extended defects capable of holding several million label atoms, 

this mole fraction seems too low to cohere with measured label concentrations near 1%. 

Furthermore, accretion of Oi onto such extended defects such as edge or screw dislocations 

would presumably require concurrent accretion of zinc interstitial atoms Zni in a stoichiometric 

proportion, as occurs for Oi and Ti interstitials in TiO2.26,27 Because Zn vacancies VZn are 

thermodynamically favored over Zni under present experimental conditions,7,9 such a scenario 

seems unlikely. Thus the classical thermodynamic model described above with small-cluster 

sequestration sites offers a better framework for profile analysis.
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Figure S2. Arrhenius plot of (a) mean diffusion length , (b) net injection flux F, and (c) effective 𝜆

diffusivity Deff for the short-time hybrid model at = 5 10-5 Torr. Symbols represent specific 
𝑃𝑂2 ×

profiles, while the dashed line represents a least-squares fit.
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Figure S3. Oxygen partial pressure dependence of (a) mean diffusion length , (b) net injection 𝜆
flux F, and (c) effective diffusivity Deff for the short-time hybrid model at T = 540 oC. Symbols 
represent specific profiles, while the dashed line represents a least-squares fit.
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2.3. Microkinetic modeling

2.3.1. Coverage of injectable O assuming [Oi] at equilibrium

For the microkinetic model detailed in the main text, Figure S4(a) shows the surface 

coverage  of injectable O species as a function of T and  determined by24𝜃 𝑃𝑂2

𝜃 =
3𝐷ℎ𝑜𝑝𝑆0[𝑂𝑖]𝑥 = 0

𝑛𝑠𝑎𝑡𝑙𝜈𝑖𝑛𝑗𝑒
‒ 𝐸𝑖𝑛𝑗/𝑘𝐵𝑇

+ 3𝐷ℎ𝑜𝑝𝑆0[𝑂𝑖]𝑥 = 0

(S15),

=
1

𝑛𝑠𝑎𝑡𝑙𝜈𝑖𝑛𝑗𝑒
‒ 𝐸𝑖𝑛𝑗/𝑘𝐵𝑇

3𝐷ℎ𝑜𝑝𝑆0[𝑂𝑖]𝑥 = 0
+ 1

where  denotes the zero-coverage annihilation probability of Oi, [Oi]x=0 is the total concentration 𝑆0

of Oi at x = 0,  is the saturation concentration of injection sites, l is the hopping length on the 𝑛𝑠𝑎𝑡

order of the lattice spacing (2.68  10-8 cm),24  is the injection  pre-exponential factor, and × 𝜈𝑖𝑛𝑗

 is the injection activation barrier. The coverage increases as both T and increase, although 𝐸𝑖𝑛𝑗
𝑃𝑂2

 remains well below unity for the entire range of conditions shown (400–1600 oC and 10-10–760 

Torr). In the range of conditions directly measured in the experiments (T = 510 600 oC and = ‒ 𝑃𝑂2

10-5 – 10-4 Torr),  spans 1.3 10-7 to 4.7 10-7. Note, however, that all this behavior assumes that × ×

both  and [Oi] take on equilibrium values.

Figure S4(b) shows an Arrhenius plot for the elementary-step injection and annihilation 

rates for 18O computed from the microkinetic model according to Eqs. (S16) and (S17) shown 

below, together with F = rinj – rann, where 

= (S16),𝑟𝑖𝑛𝑗 𝜈𝑖𝑛𝑗𝑒
‒ 𝐸𝑖𝑛𝑗/𝑘𝐵𝑇

𝑛𝑠𝑎𝑡𝜃

= (S17).𝑟𝑎𝑛𝑛

3𝐷ℎ𝑜𝑝𝑆0

𝑙
(1 ‒ 𝜃)[𝑂𝑖]𝑥 = 0



S13

The figure shows that rinj >> rann for 18O, so that F  rinj. Note that the assumption of chemical 

equilibrium requires that rinj = rann when summing both isotopes 16O + 18O. An obvious corollary 

is that rinj << rann for 16O, which was verified in the simulations (not shown in Figure S4(b)).

Figure S4. (a) Coverage of injectable O as a function of T and . (b) Arrhenius plot of net 
𝑃𝑂2

injection flux F of 18Oi (black solid) together with rates of elementary-step injection rinj (red 
dashed) and annihilation rann (blue dashed-dot). F closely follows rinj.

Because this microkinetic model employs a different sequestration mechanism from a 

previous microkinetic model for Zn-term ZnO(0001),24 as well as a different charge state for Oi 
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and a statistical correction for temporary lattice sequestration, direct comparisons of between F 

require caution. However, a rough high-level comparison of diffusivities for the polar and nonpolar 

surfaces provides evidence for diffusional anisotropy in the bulk.  for ZnO( ) along the a 𝐷ℎ𝑜𝑝 101̅0

axis at 600 C equals 2.4  10-8 cm2 s-1 and the corresponding value for ZnO(0001) along the c ×

axis equals 2.6  10-5 cm2 s-1 – three orders of magnitude higher. Anisotropic O diffusion in ZnO ×

has been reported due to dopants and impurities of the crystals in the literature in the slightly lower 

temperature range of 450–570C, with D in the c-direction exceeding that in the a-direction by the 

same factor of 1000.28

2.3.2. Microkinetic model minus equilibrium assumption for [Oi]

One way to relax the assumption of Oi equilibrium between the surface and bulk assumes 

that the coverage  of injectable species equilibrates with the gas phase but not with the bulk. As 

indicated in the main text, relaxation of the equilibrium assumption requires use of a different 

assumption to compute [Oi]. 

One possibility exploits the weak dependence of the profiles on T and . This observation 
𝑃𝑂2

suggests the assumption that [SU] remains approximately constant. [SU] may then be lumped into 

an effective value for kasso as a model output parameter. Relaxation of the equilibrium assumption 

permits the output parameter Hf to be dropped from the set of parameters that require fitting. 

Table S1 details the initial and optimized thermodynamic and kinetic parameters from the 

microkinetic model. The initial values originated mainly from an earlier version of the model for 

ZnO(0001)24 or from educated guesses. Figure S5 shows an exemplary plot of an isotopic profile. 

In addition to the classical equilibrium results for F and Dtr, Figure S6 shows Arrhenius plots of 

these quantities obtained by combining the appropriate elementary parameters from the 

microkinetic model. Figure S7 displays the variation of the composite quantities with . Table 
𝑃𝑂2
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S2 shows the effective activation energy and pre-exponential factor computed from the 

microkinetic parameters for F and Dtr, together with the exponent b.

Figure S5. 18O concentration profile (blue symbols) for nonpolar ZnO( ) with a representative 101̅0
microkinetic fit (solid red line) with relaxation of the equilibrium assumption for [Oi]. Dashed line 
represents the natural abundance 18O concentration (0.2%) in ZnO.

Figures S6 and S7 show slight degradation in the quality of fitting to F and Dtr compared 

to those from the equilibrium model when compared to analytical-model parameters in the long-

time limit. In particular, the values of F and Dtr from the modified microkinetic model overshoot 

rather consistently those from the analytical approach. This overshoot may result in part from the 

fact that uncertainties in the slopes and intercepts of the analytical approach propagate into F and 

Dtr in similar ways (Eqs. (S9) and (S10)), resulting in an artificially exaggerated compensation 

effect between them. The modified model does a much better job capturing the insensitivity of F 

to , which is a notable weakness of the equilibrium model. 
𝑃𝑂2

However, the sequestration energies seem unnaturally low, and the optimization loses 

sensitivity to certain other sequestration parameters (most notably c) – rendering their meaning 
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obscure. The optimization remains sensitive to key parameters such as Einj, S and Ehop, and returns 

the same value as the equilibrium model for Ehop. Einj is slightly higher and matches the DFT value 

almost exactly. S0 rises by several orders of magnitude, but nsat declines by nearly the same amount 

to a value that does not cohere with the prediction from DFT that nsat should have the same rough 

magnitude as the density of surface oxygen atoms. Since the mathematical product nsatS0 is often 

difficult to deconvolve, the ability of the equilibrium assumption to accomplish the deconvolution 

represents a significant advantage. For purposes of comparison with DFT barriers for injection and 

hopping, either model probably suffices, but overall the equilibrium model offers somewhat better 

fits, does a better job with annihilation, and does not require exploitation of an ad hoc characteristic 

of the system such as weak T dependence.
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Figure S6. Arrhenius plots of (a) net injection flux F and (b) effective diffusivity Dtr for classical 
thermodynamic and microkinetic model at = 5  10-5 Torr with relaxation of the equilibrium 

𝑃𝑂2  ×
assumption for [Oi]. 
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Figure S7. Oxygen partial pressure dependence of (a) F and (b) Dtr for classical thermodynamic 
and microkinetic models at T = 540 oC with relaxation of the equilibrium assumption for [Oi]. 
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Table S1. Initial and final microkinetic parameters for microkinetic model with relaxation of the 
equilibrium assumption for [Oi].

Parameter Definition Initial value Final estimate

Δ𝐻𝑓𝑠
effective formation enthalpy for 

sequestration sites 2.2 ± 0.2 eV 1.19 ± 0.1 eV

Stot
effective formation prefactor for 

sequestration sites
(6.13 ± 0.6) × 1036

atoms cm-3
(4.9 ± 0.5) × 1026

atoms cm-3

c
effective pressure exponent in (

)c for sequestration sites
𝑃𝑂2

/𝑃0 0.45 0.45

𝐸ℎ𝑜𝑝 hopping barrier of bulk Oi 0.89 ± 0.08 eV 0.89 ± 0.08 eV

𝐷0,ℎ𝑜𝑝 hopping prefactor of bulk Oi
(3.25 ± 0.32) × 10 ‒ 3

cm2 s-1
(3.58 ± 0.3) × 10 ‒ 3

cm2 s-1

𝐸𝑑𝑖𝑠𝑠
barrier to liberate Oi from bulk 

defect complexes 1.6 ± 0.1 eV 1.2 ± 0.1 eV

𝐴𝑑𝑖𝑠𝑠
prefactor to liberate Oi from 

bulk defect complexes (1.0 ± 0.1) ×  s-11013 (5.0 ± 0.5) ×  s-11012

𝐸𝑖𝑛𝑗 injection barrier 1.2 ± 0.1 eV 1.2 ± 0.1 eV

𝜈𝑖𝑛𝑗 injection prefactor (1.0 ± 0.1) ×  s-11010 (1.0 ± 0.1) ×  s-11010

𝑛𝑠𝑎𝑡
saturation concentration of 

injection sites
(1.25 ± 0.1) ×  1011

cm-2 (1.25± 0.1) ×  cm-21011

𝑆0
zero-coverage annihilation 

probability of Oi
(6.0 ± 0.6) × 10 ‒ 4 (9.36 ± 1.0) × 10 ‒ 3
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Table S2. Components of composite parameters F and  for microkinetic model with relaxation 𝐷𝑡𝑟

of the equilibrium assumption for [Oi]. Activation energies are given in eV. The units for pre-
exponential factors of F and  are cm-2 s-1 and cm2 s-1, respectively. 𝐷𝑡𝑟

Activation energy / eV
at = 5 10−5 Torr

𝑃𝑂2 ×
Pre-exponential factor
at = 5 10−5 Torr

𝑃𝑂2 ×
Exponent b in 

𝑃 𝑏
𝑂2

at 540 oCParameter

analytical microkinetic analytical microkinetic analytical microkinetic

F 0.23 0.05± 0.92 0.02± 1 × 10(15.17 ± 0.35)
1 × 10(45.08 ± 0.37) 0.02 0.0±

9 1 × 10 ‒ 4

𝐷𝑡𝑟 0.13 0.07± 0.60 0.02± 1
× 10( - 9.01 ± 0.45)

1
× 10( - 13.41 ± 0.35)

0.03 0.0±
1 0.8 × 10 ‒ 4
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