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A B S T R A C T

Electric fields in near-surface space charge regions influence the spatial distribution of charged defects,
with implications for the efficiency of photocatalysts and gas sensors. Through isotopic oxygen diffusion
experiments on both Zn-terminated ZnO (0001) and O-terminated ZnO (0001̄), the present work better
delineates the quantitative relationship of defect pile-up to the degree and direction of near-surface band
bending, the rate of defect injection, and the temperature. The two terminations exhibit dramatic differences
in behavior from each other, especially in the temperature dependence. The results suggest that the amount
of fixed charge at the surface directly affects the injected flux.

© 2016 Elsevier B.V. All rights reserved.

The spatial distribution of native point defects and substitu-
tional dopants near solid-gas and solid-solid boundaries of semi-
conductors affects the operational efficiency of photovoltaic [1,2],
photocatalytic [3,4], and microelectronic [5–7] devices. During fab-
rication steps that require heating, dopant atom segregation or
precipitation [8] can occur due to a combination of misfit elas-
tic strain [9], chemical potential gradient [10–12] and electrostatic
drift [10,13,14]. Pile-up of native defects is also possible, and those
associated with energy levels deep in the bandgap usually affect
device performance adversely [15]. The published literature has
focused primarily on electrostatic mechanisms [10,13,14] by which
fixed charge on surfaces influences the spatial distribution of nearby
charged defects. This laboratory has reported [14] experimental evi-
dence for a distinct mechanism involving field-induced changes in
the motion of rapidly mobile defects such as interstitials, coupled
with their exchange into a stationary reservoir such as the host crys-
tal lattice. Subsequent modeling demonstrated [16] that these effects
enhance or diminish the concentration of the mobile defects within
the surface space charge region (SCR), leading to a pile-up or deple-
tion of the corresponding species exchanged into the reservoir -
depending upon the direction of the field and the sign of the defect’s
charge.

The experimental results underlying that work involved 18O2 gas
exchange with rutile TiO2(110), wherein pile-up of substitutional
isotopic oxygen was observed within several nanometers of the
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surface. However, the results were not sufficiently precise to estab-
lish the quantitative relationship of pile-up to the degree and direc-
tion of near-surface band bending, the rate of defect injection, or the
temperature. The present work employs similar experimental meth-
ods with c-axis ZnO, both Zn-terminated (0001) and O-terminated
(0001̄), in tandem with the mathematical model [16], to examine
these relationships. The two terminations exhibit dramatic differ-
ences in behavior from each other, especially in the temperature
dependence. Taken together, the results suggest that the amount
of fixed charge at the surface may exert a direct influence on the
injected flux.

As discussed previously [14,16], mobile defects formed at the
surface and injected into the bulk undergo Fickian diffusion. For
downward band bending in the SCR of natively n-type materials
such as TiO2 and ZnO, the near-surface field 4(x) points into the
bulk, which induces field drift of negatively charged defects such as
O2−

i toward the surface and impedes migration into the bulk. The
prolonged residence time of these defects in the SCR increases the
degree to which they exchange with the reservoirs that exist there,
such as the lattice via kick-in. In an isotopic oxygen (18O) gas-solid
exchange experiment, the labeled O marker replaces the existing lat-
tice O over time. Since 18O and 16O are chemically alike, they are
thermodynamically interchangeable in the lattice; the 18O repre-
sents an isotopic rather than a chemical defect. The resultant pile-up
(or valley) can be measured with secondary ion mass spectrometry
(SIMS).

The present experiments employed an apparatus described pre-
viously [14]. Single crystals of wurtzite ZnO with polar (0001)
Zn-terminated (Zn-ZnO) or (0001̄) O-terminated (O-ZnO) surfaces
were exposed to isotopically-labeled oxygen gas (18O2) at elevated
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temperatures (540–700 ◦C) under O-rich conditions (PO2 ∼ 5 × 10−5

Torr) for 105 min. Before isotopic exposure, the specimens were
degreased ex situ as described in Ref. [14], and then heated in natu-
ral abundance O2 to equilibrate the native defect concentrations at
the same temperature and pressure as the subsequent isotopic expo-
sure. After that exposure, 18O concentration profiles were measured
ex situ with time-of-flight SIMS using a PHI-TRIFT III instrument [14]
and electron flooding. To ensure that the near-surface profiles are
not complicated by measurement artifacts [17], low depth profiling
rates were employed and data points at or very near the surface were
discarded (Fig. 1). Additionally, multiple measurements were per-
formed at different spots on the sample to check for reproducibility
of the pile-up profile. Special care was taken to maintain instrumen-
tal base pressures that minimized mass interferences from H16

2 O,
which has a mass similar to 18O. In Fig. 1, the near-surface profiles
change dramatically and systematically with annealing conditions. If
the existence of pile-up were an artifact of the SIMS measurements,
the annealing conditions would not exert any systematic effect of on
the profiles.

Fig. 1 (and inset) shows example 18O diffusion profiles for Zn-ZnO
(and O-ZnO). The profiles qualitatively resemble those obtained in
rutile TiO2(110) [14,16], with two distinct regimes: (1) near-surface
(∼10–35 nm) pile-up of the isotopic O marker, and (2) deeper profile
extensions into the bulk. Unlike TiO2, for which pile-up was typically
small, shallow (<10 nm) and poorly reproducible, Zn-ZnO exhibits
pile-up that is often large, deeper (up to 35 nm), and straightforward
to reproduce among various specimens. O-ZnO exhibits smaller and
shallower pile-up, but the reproducibility is still good. As in the case
of TiO2, the profiles in the deeper bulk (>35 nm) have very shallow,
but non-zero, slopes. The migration of isotopic marker into the bulk
is perhaps more evident in Fig. 1 from the large increase in overall
18O concentration throughout the entire deep bulk. Extensive analy-
sis of this section of the profile has been reported elsewhere [18], and
is not a focus of this work except where noted below for the purposes
of near-surface profile analysis.

Previous work [14] has quantified the amount of pile-up (P) as the
total integrated area between the near-surface pile-up profile and
the deep-bulk profile extrapolated to the surface, shown as shaded
regions in Fig. 1. For this extrapolation, an exponential function was
used (linear on the semilogarithmic scale of Fig. 1) as in the case
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Fig. 1. Isotopic-labeled oxygen (18O) diffusion profiles in Zn-ZnO (and O-ZnO inset)
samples annealed in 18O2 gas (5 × 10−5 Torr) at 540 ◦C, 600 ◦C, 650 ◦C and 700 ◦C for
105 min. The near-surface profile shows pile-up of the isotopic marker within ∼10–
35 nm of the surface. The exponential profile beyond the pile-up zone represents bulk
diffusion.

of TiO2 [14,16]. The width of the pile-up region for a given profile
was determined as the depth at which the profile begins to deviate
substantially from the exponential function used for extrapolation.
These widths are marked in Fig. 1 as vertical lines. For Zn-ZnO, both
this width and P itself increase with temperature from 540 ◦C to
700 ◦C. For O-ZnO, the width and P both remain roughly constant
with increasing temperature. Regardless of temperature or termina-
tion, P accounts for <1% of the total number of 18O injected into the
bulk - corresponding to the behavior in rutile TiO2 [14]. In this small-
perturbation limit, it is a good mathematical approximation [16] to
analyze the pile-up and deeper-bulk regions separately.

Substantial evidence suggests that the oxygen interstitial Oi

mediates oxygen diffusion in TiO2 under clean-surface conditions
[14]. That evidence includes the elevated magnitude of the observed
O diffusivity compared to the literature, the exponential (rather
than error-function) shapes of the profiles, the existence and behav-
ior of near-surface pile-up [14], and the predictions of quantum
calculations[19] that O2−

i is thermodynamically more stable than
other O-related native defects. The analogous body of published
evidence for ZnO is smaller, and rests mainly on quantum calcula-
tions [20,21] and diffusion experiments [18] that point to O2−

i as the
most stable O-related native defect.

The ZnO used in this work is almost certainly n-type because of
incorporated hydrogen donors [22,23], with the charge density set
by the hydrogen concentration. The existence of pile-up in the pro-
files of Fig. 1 (contrasted with a “valley”) indicates an electric field
directed opposite to the diffusional flux, which in n-type material
implies the existence of an accumulation-type space charge region
with downward band bending [24]. Our previously-developed ana-
lytical expressions [16] can be used to estimate the surface potential
Vs from the surface concentration CS,1, using the equation:

CS,1 − CS0|x=0 =
Ft
k
w1 (1)

where F is the flux of mobile species injected at the surface, k the
mean diffusion length of that species before exchange with the reser-
voir, CS0 the background concentration of natural abundance marker
in the material, t the diffusion time, and w1 a dimensionless factor.
Extrapolation of the deep bulk profile to the surface yields a hypo-
thetical zero-field concentration equal to Ft/k [16]. For drift directed
oppositely to diffusion, the surface concentration of marker is always
enhanced by a factor of w1. With k and F calculated from the deep
bulk profile, w1 can be calculated from Eq. (1). From w1, the mag-
nitude of the surface electric field 4(x) can be determined from the
relation [16]:

w1 =

√(
a41k

2

)2

+ 1 − a41k

2
(2)

where a = q/kBT, q is the charge on the mobile species, and kB

is Boltzmann’s constant. The value of 41 permits the estimation of
the surface potential Vs from classical electrostatic relations involv-
ing the background carrier concentration of the material and its
dielectric constant. The pile-up region has approximately the same
width LSC as the SCR. Evidence that the donor concentration remains
constant with T comes from the fact that both LSC and w1 remain
independent of T for O-ZnO.

Fitting an Arrhenius temperature dependence to k for the Zn-
ZnO surface yields a pre-exponential factor of 105.36 ± 0.73 nm and
an effective activation energy Ek = 0.28 ± 0.13 eV. A similar proce-
dure for F yields an activation energy EFlux = 1.67 ± 0.32 eV [14].
For O-ZnO, Ek is similar in magnitude to that of Zn-ZnO, while EFlux
is roughly T-independent. The similar values of Ek for Zn-ZnO and
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