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ABSTRACT: Isotopically pure semiconductors have important applications for cooling

electronic devices and quantum computing and sensing. Raw materials of sufficiently high

isotopic purity are expensive and difficult to obtain; therefore, a post-synthesis method for

removing isotopic impurities would be valuable. Through isotopic self-diffusion measurements 18

of oxygen in rutile TiO, single crystals immersed in water, we demonstrate fractionation of '*O O-

by a factor of 3 below natural abundance in a near-surface region up to 10 nm wide. The enriched
submerged surface injects O interstitials that displace lattice 'O deeper into the solid as a
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result of the statistics of interstitialcy-mediated diffusion combined with steep chemical |iquid Qo petll i
gradients of O interstitials. Slightly acidic and slightly basic liquid solutions both enhance the —\
fractionation and affect the details of isotopic profile shapes through several chemical and Hzo o 9

l

;

physical mechanisms.

Use of isotopically pure semiconductors for enhancing Variation of liquid pH alters the details of fractionation
electronic device performance has been investigated for behavior by modulating the injection flux as well as other
several decades in connection with enhanced thermal chemical and physical characteristics of the near-surface bulk.
conduction' > and quantum computing and sensing.’”* Isotopic self-diffusion experiments are used to monitor defect
Enhanced thermal conduction augments device cooling. In behavior, wherein cleaned and etched oxide specimens are
quantum devices, spinning nuclei require isolation from submerged in water containing excess '*O as a label. Oxygen
environmental perturbation by isotopically pure layers having enters the solid as O;'® and undergoes interstitialcy-mediated
nuclear spins of zero. Semiconductors having extraordinary diffusion. Depth profiles of *O are measured afterward by
isotopic purities required for these applications are insuffi- secondary ion mass spectrometry (SIMS).

ciently available, spurring the development of alternative Figure 1 shows example '*O concentration profiles after 1 h
purification techniques, e.g,, in thin films that require little water exposures at pH values of S and 9, both at several
material.’ One possible technique relies on isotopic fractiona- temperatures. A striking feature, visible at both pH levels, is the
tion by condensed phase diffusion. Mineralogists have long large “valley” in label concentration near the surface that is up
investigated this phenomenon,”™"* which originates from small to about 10 nm wide. Counterintuitively, this isotopically
mass-dependent differences in atomic hopping frequencies. depleted valley emerges, despite the enrichment of the liquid
Fractionation is rather small: less than 1% for O,"* a few water to 10% '*0. Depletion of the label within the valley
percent for Ca, K, Ti, and Feyls and up to tens of percent for region drives the 180 concentration down to about a factor of
low-mass elements, such as Li and Mg.'"'* Large chemical 3 below the natural abundance level. **O lost from the valley
concentration gradients boost fractionation,'”'*"* and existing builds up as a peak lying deeper in the bulk. The amount of
models imply that larger disparities in isotopic diffusivity would "0 contained within the peak exceeds the amount depleted

help even more. 617 o ) from the valley, with the difference equaling the total amount
One newly described ™"’ source of larger disparities arises as of injected *0.

a statistical consequence of interstitialcy-mediated diffusion in
solids. Steep gradients in the concentration of oxygen
interstitials (O;) may be produced by clean surfaces of several
binary oxides, which inject sizable fluxes of O; when contacted
with liquid water near room temperature.'® The equilibrium
concentration of O; at such temperatures is extremely small, so
that sizable injected fluxes produce large concentration
gradients. It is therefore plausible that substantial isotopic
fractionation should occur near the surface. The present work
demonstrates such fractionation for rutile TiO, single crystals.

Figure 2 shows example '®O concentration profiles after
immersion in water at various temperatures for 1 h at pH 7. At
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Figure 1. Example 'O concentration profiles for TiO,(110)

immersed in water at various temperatures for 1 h at pH levels of

(a) 5 and (b) 9.
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Figure 2. Example 'O concentration profiles for TiO,(110)
immersed in water for 1 h at pH 7 (a) at various temperatures and
(b) at 70 °C with and without added NaCl. The salt-free profiles at 70
°C differ slightly in panels a and b because they represent
measurements at two different locations on the same specimen.
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pH 7, the valley is much narrower and less prominent than at
pH S or 9. To quantify this effect, we define the valley width as
the depth from the surface at which the 'O concentration
returns to the natural abundance level. The width increases
with temperature from 3 to nearly 10 nm at pH S or 9 but
actually decreases from 3 to 1 nm for pH 7. Adding both
NaOH and HCl in concentrations equivalent to those at pH 5
or 9 (thereby making a salt solution of NaCl) strengthens
fractionation to a magnitude lying between pH 7 and either 5
or 9.

Profile shapes sometimes exhibited noticeable variability in
the near-surface region, especially at pH 7. X-ray photoelectron
spectroscopy (XPS) combined with SIMS performed at several
locations on single specimens as well as among specimens
showed variable adsorption of adventitious impurities,
especially carbon-containing species. Such species can act not
only to poison injection sites but also to influence buildup of
electrical charge on the surface. The resulting drift forces on
charged interstitials can strongly affect the profile shape in the
space charge layer near the surface.'” Such adventitious
adsorption proved difficult to control and often varied across
the surface of a single specimen. It is also possible that variable
concentrations of extended defects left over from initial
mechanical polishing by the manufacturer contribute to profile
variations by serving as traps for mobile O. Nevertheless, the
primary trends described herein remained robust, even with
such variations.

Some of the profiles in Figures 1 and 2 exhibit slight upturns
in the '®O concentration within the first nanometer of the
surface. Profile shapes in this extremely shallow region suffer
from distortions as a result of various well-known SIMS
artifacts. However, the upturns occurred more prominently
and commonly at pH 7 than for pH 5 or 9, which suggests that
the upturn represents a qualitatively accurate description of the
actual profiles.

Figure 3a shows Arrhenius plots of the valley width at all
three values of pH. The effective activation energies of the
changes with the temperature (Table S1 of the Supporting
Information) are small, on the order of 0.1 eV or less. Figure
3b shows the net injection flux of Fg of '*O in Arrhenius form
for all three pH levels. Because the water is 10% isotopically
pure in 'O, the total flux F of O; (all isotopes) may be
computed as a factor of 10 greater than Fig, assuming (as in ref
18) that O; injects with an isotopic makeup equal to that of the
water. Although Fig at pH S and 9 (and with NaCl) is generally
lower than that at pH 7, the activation energy of Fi; is slightly
higher (Table S1 of the Supporting Information).

We quantified the deeper portions of the profiles using two
metrics: penetration depth and mean diffusion length (4). Both
parameters were computed as described in the Supporting
Information, with corresponding results shown in Figure S1 of
the Supporting Information. For pH §, the penetration depth
increases with the temperature from 10 to 50 nm, with A
increasing from S to 8 nm between 30 and 70 °C. For pH 9,
the behavior is similar, with slightly larger values of 10—70 nm
for the penetration depth and 4—17 nm for A. These metrics
show intermediate behavior at pH 7, with a range of 15—60
nm for the penetration depth and 5—11 nm for A. Table S1 of
the Supporting Information compares the activation energies
for these metrics, which are all modest (0.2 eV or less) but are
consistently lowest at pH 7.

Figure 4 shows numerous examples of '*O concentration
profiles at pH 7, comparing specimens initially exposed to
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Figure 3. Arrhenius plots for (a) valley width and (b) net injection
flux (Fyg) for TiO,(110) comparing conditions at pH levels of S and
9. Dashed lines represent linear least squares fits. Each point
represents the average of profiles taken at three different locations
on the surface of a specimen, typically for 2—4 distinct specimens.
Confidence intervals were computed for all points; where no bars are
visible, the range is narrower than the diameter of the data point.

room-temperature wet etching versus high-temperature
annealing in O,. Annealing eliminates some of the trapping
sites for O; that exist before self-diffusion starts. The near-
surface isotopic fractionation is consistently larger for the
room-temperature preparation, always reaching well below the
natural abundance level, whereas the '®0 concentration rarely
reaches appreciably below natural abundance with the
annealing protocol.

The profile shapes described here resemble immensely
amplified forms of the shapes typifying isotopic fractionation in
mineral oxide melts containing Ge,"* Ca,"""® and Li."® Related
effects exist for solid-phase diffusion.'*"® Although '*O appears
to diffuse against the gradient of the 'O concentration in
Figures 1 and 2, this phenomenon differs from “uphill
diffusion” reOported for dopants (without isotopic fractiona-
tion) in Si.”°>* The peak in “uphill diffusion” resides at the
surface (or an interface with SiO,) and originates from
interstitial trapping reactions there.

A mechanism involving interstitialcy-mediated diffusion can
explain these effects based on hopping statistics combined with
low label concentrations and steep interstitial gradients. An
interstitialcy mechanism entails frequent exchange between
atoms in the defect and on lattice sites. In general, the full
ramifications of interstitialcy diffusion are understood less fully
for semiconductors™ and oxides’ than for vacancy diffusion. In
many oxides, including rutile TiO,, O; comprises two atoms
arranged symmetrically about a regular O lattice site. For a
dilute isotope, a labeled interstitial usually incorporates only
one atom of the isotope. The two atoms within the defect hop
with equal likelihood to recreate the interstitial at a
neighboring lattice site. Therefore, a particular atom (**O or
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Figure 4. Example '®O concentration profiles for 1 h at pH 7 at (a) 40 °C, (b) 50 °C, (c) 60 °C, and (d) 70 °C. Red and blue curves compare
specimens exposed to room-temperature wet etching and high-temperature annealing in O,. Annealing removes trapping sites for O; and leads to
gradients in the O; concentration that are less sharp. The near-surface isotopic fractionation is correspondingly smaller, rarely reaching appreciably

below the natural abundance level.
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160) within an interstitial typically executes only 2—3 hops
before sequestering in the lattice.'®'” Each hop conserves O; as
a chemical species, even though the constituent atoms vary.
Immobilization of *0O usually liberates a lattice 160. However,
immobilization of '®O usually liberates another '°O, which
allows '°O to propagate for many atomic spacings before the
release of '®0 breaks the chain. Only rarely can immobilization
of %0 release another '®O in a similar fashion. Repeated over
many hopping cycles, these statistics lower the mesoscale
diffusivity of a particular isotope j by a factor of [/O,;]/[O; ],
where [O; 1] represents the total O; concentration summed
over all isotopes. Here, “mesoscale” refers to a length scale
longer than 2—3 hops but shorter than the mean diffusion
length before trapping of O, which sets a ceiling on how far the
chain-like propagation of an isotope can extend. For the
present specimens “mesoscale” means roughly 2 to a few tens
of nanometers. The natural abundance of '*O is only 0.2%
compared to 99.8% for '°O. In the absence of interstitial
trapping, the ratio of mesoscale diffusivities D'¢/D'® is 500 at
the natural abundance concentration and grows larger as '*O
becomes more dilute.

The steep gradients arise partly from the low bond
coordination of O adsorbed on clean metal oxide surfaces,
which facilitates creation of O;'”"® with barriers below roughly
1 eV.'"® These injection barriers, combined with even lower
bulk hopping barriers, enable clean oxide surfaces exposed to
liquid water to inject O; at substantial rates, even near room
temperature. Because the equilibrium concentration of O; in
this regime is vanishingly small, fast injection initially creates a
sharp interstitial gradient. '*O liberated as O; from the lattice is
pulled deeper into the bulk by this strong gradient. Moreover,
the isotopic disparity in diffusivity enables '®O; to race far
ahead of 'O, which biases the isotopic composition of
interstitials at the leading edge of the interstitial diffusion front
toward '°0O. These combined effects enable '°O to replace
much of 0O present originally in the lattice, pushing displaced
80 deeper into the bulk and creating a valley and peak
isotopic profile shape. The net effect loosely resembles that of a
snowplow acting on 0.

The slight upturn in the 'O concentration next to the
surface observed for some specimens presumably corresponds
to the label originating from water (distinguished from those
already present in the lattice) that has propagated far enough
to become barely visible in SIMS.

The profiles in Figure 4 comparing wet etching and
annealing protocols demonstrate the importance of steep
gradients in the O; concentration. In single-crystal TiO,, whose
surface has been cleaned by wet etching at room temperature,
many traps for O; remain in the bulk, including O vacancies
(Vo) and extrinsic elements, such as H. V, reacts with O; by
mutual annihilation, while interstitial H reacts to form O,—H,
complexes." In contrast, high-temperature annealing in O,
(650—800 °C with oxygen partial pressures between 5 X 107°
and 6 X 107> Torr) not only cleans the surface but also injects
0,.'” This injection eliminates Vi down to a depth of several
hundred nanometers and may also result in some volatilization
of hydrogen. Thus, fewer traps exist to react with O; during
subsequent water exposure. The lessened trapping enables the
concentration profile of O; to smoothen more rapidly, thereby
leading to O; gradients that are less sharp. Accordingly,
annealed crystals exhibit lessened isotopic fractionation,
leading to less pronounced valleys in Figure 4.
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This physical picture relies upon an interstitialcy mechanism,
distinguished from an interstitial mechanism, wherein a single
interstitial diffuses many lattice spacings before becoming
trapped or kicking into the lattice. The latter mechanism would
not produce the large isotopic disparity in diffusivity that
strong fractionation requires. A more refined description of
interstitialcy-mediated fractionation would allow for slight
isotopic differences in hopping rates as a result of different
vibrational frequencies and zero point energies. However, these
effects represent only minor perturbations on the primary
governing factors: hopping statistics and sharp gradients.

Solution acidity or basicity affects the details of the profile
shapes through several mechanisms. Four distinct pH-depend-
ent effects may be at play simultaneously, including changes in
the O; trapping efficiency within the bulk, in the net injection
flux, in the value of the Fermi energy (Eg) at the surface as a
result of adsorption, and in the value of Ey, at the surface as a
result of the inability of the bulk to compensate for excess
charge at the interface. Sophisticated process simulators akin to
those available for ion implantation in microelectronic
devices”**® would be required to model these effects
quantitatively, but the following paragraphs describe the
qualitative basis for each of them.

Spatial and temporal changes in the O; trapping efliciency of
the bulk arise for two reasons. First, O; eliminates donor Vg
over time in a progressively wider region near the surface.
Second, O; forms complexes with a variety of intrinsic and
extrinsic defects. Many such complexes exist in multiple charge
states whose concentrations (i.e., ability to trap and hold O;)
depend upon the local value of Ep.'® The concentrations of
these complexes become spatially dependent if excess charge
on the surface creates a space charge layer (SCL), so that Ey
varies with depth. Solution pH exerts its effects through acid—
base reactions between the surface and water that typically lead
to a net charge on the TiO, surface. Dependent upon the
degree of buildup and the ionization levels of the relevant
trapping complexes, spatial variations will arise in their
concentrations. As O; penetrates progressively deeper into
the solid, temporal variations will also arise.

In the particular case of rutile TiO,, excess negative charge
probably resides at the surface over most or all of the pH range
examined here, giving rise to a depletion-type SCL in n-type
rutile containing a positive space charge. The reason is that the
isoelectric point for rutile [equivalent to the point of zero
charge (PZC) if no specific adsorption occurs™] varies with
incorporated impurities”” and roughness™® but averages about
pH 5,°°7** with a standard deviation of about 0.8.* O; acts as
an acceptor, and the complexes that it forms tend to be less
donor-like (or more acceptor-like) than the corresponding
uncomplexed defect traps. This effect, combined with the
progressive elimination of donor V mentioned above, should
decrease the overall concentration of donors in the SCL and
contribute to its progressive widening.

A second mechanism by which pH affects the profile shape
is through the net injection flux. F represents the mathematical
difference between the rates of injection and annihilation and
depends upon pH through three distinct mechanisms. The first
two mechanisms involve the rates of elementary-step injection
and re-incorporation through the concentration of injectable O
and the rate constants for surface injection and annihilation.
The coverage of OH (i.e., the singly deprotonated precursor to
injectable O) varies with pH,**”* with complete deprotonation
occurring only for pH > 13.>* Also, the activation energies'’

https://doi.org/10.1021/acs.jpclett.2c02490
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and probably the pre-exponential factors for both injection and
re-incorporation depend upon Ey at the surface as a result of
changes in the charge state of the chemical intermediates
involved in injection. Ey at the surface depends upon the pH of
the liquid through the amount of negatively charged OH that is
adsorbed. The third mechanism involves the drift component
to the motion of O; in the SCL. O; exists in the —2 charge state
in bulk rutile for E greater than about 0.9 eV.”>> With the pH-
dependent buildup of negative charge on the surface as
described above, the electric field in the SCL repels negatively
charged mobile defects, such as O, from the surface,*® thereby
impeding re-incorporation.

A third mechanism by which pH affects the profile shape
involves temporal changes in Ep at the surface as a result of
slow adsorption of adventitious impurities, including various
carbon-containing species. These species not only poison
injection sites but may also enhance or inhibit acid—base
reactions between the surface and water that lead to surface
charge buildup. Such adventitious adsorption is difficult to
control and can vary across the surface of a single specimen.
Such effects probably contribute to the confidence intervals
shown in Figure 3.

A fourth mechanism by which pH affects the profile shape
involves changes in surface Ef resulting from the ability of the
bulk to compensate for excess charge at the surface. For thin
films and nanostructures possessing a limited bulk volume, the
ability of the bulk to compensate for excess charge at the
interface is compromised.”® Indeed, Ej at the surface may vary
with time as a result of progressive neutralization of donor
traps by O, as described above. In the absence of applied bias
potential, it unfortunately remains an unsolved problem in
surface science to compute self-consistently the net charge
accumulation resulting from acid—base interactions in the
presence of partial compensation by both ion adsorption from
the electrolyte and SCL formation in the solid. A relationship
between pH and PZC for d° oxides, such as TiO,, has been
proposed only in the past decade,’” and a relationship between
Ex and pH under conditions far from the PZC remains
unknown. Moreover, ions of opposite charge from the
electrolyte may partly compensate for charge buildup from
acid—base reactions, as suggested by the NaCl data of Figure 2.

The data presented here demonstrate isotopic purification of
O by about a factor of 3 from natural abundance levels in a
region up to 10 nm wide. Mesoscale simulation models are
necessary to predict ultimate limitations on the width of the
isotopically purified region, the degree of purification possible
during a single exposure, and the dependence of these
parameters on conditions, such as the injected flux, isotopic
purity of the water, temperature, electrolyte concentration, and
other factors. However, several qualitative notions are already
clear.

First, the concept of isotopic purification by interstitialcy
diffusion is not specific to oxygen. If another chemical element
diffuses by an interstitialcy mechanism, the physical picture
also applies as long as a sharp gradient in the interstitial
concentration can be generated in a solid having large
disparities in the isotopic concentration. For example, Ti
diffuses by an interstitialcy mechanism along the [110]
direction.”” Methods for efficient generation of interstitials at
surfaces remain in their infancy but already exist for both
0'""® using both gas and liquid-based methods and Ti*
using gas methods. For the highest isotopic purity with little
buildup of unwanted isotopes near the surface, it is advisible to
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use a source of interstitials that are enriched in the desired
isotope.

Second, repeated cycles of interstitial injection should lead
to improved isotopic purity. As the interstitials penetrate the
bulk diffusively over time, their gradients become less sharp.
Smaller interstitial gradients enable random diffusion to
smooth out and perhaps eliminate the valley. Pausing the
injection at intervals enables the injected interstitials to
disperse and sequester in trap sites at the modest temperatures
used here, where equilibrium interstitial concentrations are
low. Successive cycles of injection generate fresh waves of
interstitials that re-establish sharp gradients.

Third, interstitial injection works best as a strategy for post-
synthesis isotopic purification of layers that already possess
substantial enrichment. The disparity among isotopic diffusiv-
ities grows as the solid becomes more isotopically pure. Initial
material synthesis (e.g., by chemical vapor deposition) may not
require special precautions for the constituent element, such as
O, whose natural abundance is already strongly dominated by a
single isotope. For applications in quantum spin isolation, for
example, the lone stable isotope of oxygen having a non-zero
spin is '7O, whose natural abundance is only 0.04%. For an
element like Ti, however, the zero-spin majority isotope (**Ti)
has a natural abundance of only 74%. The stable isotopes with
non-zero spin are *'Ti (7.4%) and *Ti, respectively, present at
7.4 and 5.4%. Thus, initial material synthesis with isotopically
enriched *Ti would be advisible.

In conclusion, through isotopic self-diffusion measurements
of oxygen in rutile TiO, single crystals immersed in water, we
demonstrate fractionation of '*0 by a factor of 3 below natural
abundance in a near-surface region up to 10 nm wide. Isotopic
purification of '°O near the surface is governed by the statistics
of interstitialcy-mediated diffusion combined with steep
chemical gradients of O interstitials originating from the
submerged surface. Slightly acidic and slightly basic liquid
solutions both enhance the fractionation, which represents an
example of using liquid-surface chemistry (via pH) to control
the defect-surface chemistry. There is no reason to believe this
fundamental physical picture is restricted only to oxygen or
TiO,. As an approach to post-synthesis isotopic purification,
higher purities are likely to be reached through repeated pause
and inject cycles. Interstitialcy diffusion is common among
elements in both single-component and compound semi-
conductors, suggesting that this approach to isotopic
purification may find extensive use as methods for interstitial
injection from surfaces continue to develop.
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