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The technological usefulness of a semiconductor often depends on the types, concentrations, charges, spatial distribu-
tions, and mobilities of the atomic-scale defects it contains. For semiconducting metal oxides, defect engineering is rela-
tively new and involves complex transport and reaction networks. Surface-based methods hold special promise in
nanostructures where surface-to-volume ratios are high. This work uses photoreflectance augmented by X-ray photoelec-
tron spectroscopy to show that the surface potential VS for Zn-terminated ZnO(0001) can be manipulated over a signifi-
cant range 54.97–79.08 kJ/mol (0.57–0.82 eV) via temperature and the partial pressure of O2. A defect transport model
implies this variation in VS should affect the injection rate of oxygen interstitials by a factor of three. Such injection
plays an important role in controlling the concentrations of oxygen vacancies deep in the bulk, which often prove trou-
blesome as trapping centers in photocatalysis and photovoltaics and as parasitic emitters in light-emitting devices.
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Introduction

In semiconductors, atomic-scale native defects such as

vacancies and interstitial atoms affect the performance of

microelectronic devices,1 sensors,2–4 catalysts,5–7 photocata-

lysts,8 photo-active devices,9–11 and photovoltaic cells.12

Accordingly, considerable effort has been expended in recent

years to manipulate the type, concentration, spatial distribu-

tion, and mobility of such species—an endeavor termed

“defect engineering.” Examples of longstanding methods13–17

include specially designed heating protocols (time, maximum

temperature, heating, and cooling rates), introduction of for-

eign atoms, ion bombardment protocols, and amorphization/

recrystallization. These approaches focus mostly on applica-

tions in Si-based microelectronics, with numerous reviews

available.13–18 Use of defect engineering outside of Si-based

microelectronics is less extensive, with applications mainly

for ion implantation in III–V compound semiconductors for

devices19–21 or metal oxide nanoparticles for photocata-

lysts.22,23 For metal oxides in particular, the notion of defect

engineering apart from ion implantation is relatively new, and

only a few reviews can be found.18,24,25 Noteworthy for the

discipline of chemical engineering, recognition is taking root

in the defect engineering community that complex transport

and reaction networks characterize defect behavior in most

prospective applications, and systems-based methods for

parameter estimation in computational simulators are likely to

play an important role in optimizing such networks.

Existing methods for controlling defect behavior often suf-

fer from problems with solid consumption, implantation dam-

age, and foreign atom incorporation.26 To mitigate these

issues, this laboratory has proposed milder surface-based

methods for both elemental and oxide semiconductors, includ-

ing surface photostimulation27,28 and manipulation of surface

dangling bonds.29,30 Surface-based methods hold special

promise for defect manipulation in nanostructures where

surface-to-volume ratios are high.
Along these lines, electric fields associated with built-in

surface charge have been recently reported by this laboratory

to influence the spatial distribution of native defects in oxide

semiconductors such as TiO2
31 by inducing a field-induced

drift component to the transport. However, useful manipula-

tion requires easy-to-implement mechanisms to control the

electric field and the associated built-in potential that helps

to control it. Moreover, development of computational tools

for modeling the transport-reaction network32 requires

knowledge of the built-in potential. This work employs the in
situ optical technique of photoreflectance (PR), augmented

by a new data analysis method and X-ray photoelectron spec-

troscopy (XPS), to demonstrate two such mechanisms for

Zn-terminated polar ZnO(0001): substrate temperature and

gaseous oxygen adsorption. These two independently vari-

able quantities permit reversible adjustment of the surface

potential over a range that a defect transport model31 implies

should affect the injection rate of oxygen interstitials by a

factor of three. Such injection plays an important role in con-

trolling the concentrations of oxygen vacancies deep in the

bulk, which often prove troublesome as trapping centers in

photocatalysis and photovoltaics33 and as parasitic emitters

in light-emitting devices.34,35
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Experiment

PR is a contactless optical modulation spectroscopy28 in
which the built-in surface electric field of a semiconductor is
periodically perturbed by photocarriers generated via illumina-
tion with light having a photon energy greater than the funda-
mental band gap Eg. Photogenerated minority carriers migrate
to the surface and neutralize a portion of any excess charge
residing there. The consequent change in built-in surface elec-
tric field perturbs the reflectance R in narrow regions of wave-
length corresponding to critical points in the band structure of
the semiconductor. The small reflectance change DR is moni-
tored with phase sensitive detection as a function of the photon
energy E. Non-zero values for DR somewhere in the spectrum
of DR/R vs. E conclusively manifest the existence of surface
band bending. Coupling with an anchor bending value and
direction measurement by XPS, PR scans as a function of tem-
perature T, and perturbing beam intensity I can yield good esti-
mates of the magnitude of the band bending VS.

36,37 The
optical and contactless attributes of PR make it useful for in
situ studies in gaseous or liquid ambients.

This work used a small turbomolecularly pumped ultrahigh
vacuum (UHV) chamber designed as described previously38

with a base pressure of roughly 2 3 10210 Torr. The optical
cube chamber body was equipped with fused-silica optical
ports, an inlet and handling system for O2, ionization and ther-
mocouple pressure gauges, and an electrical feedthrough for
specimen support, heating, and temperature measurement.

Zn-terminated c-axis ZnO(0001) single crystals (CrysTec
GmbH) of dimensions 1 cm 3 1 cm 3 0.05 cm were mounted
by ultrahigh vacuum grade silver paint to a Ta backing plate
that was heated resistively. Temperature was monitored with a
type-K chromel–alumel thermocouple press-fit onto the edge
of the ZnO. The sample was supplied in a vacuum bag, and
exposed to air for less than 20 min before transfer into UHV.
More importantly, ex situ XPS of samples with air exposure
over many days showed only tiny traces of surface carbon,
bonded mainly to nitrogen or alcohols. The surface roughness
was measured ex situ by both scanning tunneling microscopy
and atomic force microscopy to be <3 Å. Specimens were
degreased by successive 5-min ultrasonic baths in electronic-
grade acetone, isopropanol, and methanol, and where then
mounted in the UHV chamber to minimize surface contamina-
tion. The chamber was then baked at 1208C for roughly 10 h
to reach the base pressure. Experiments with oxygen used O2

(S. J. Smith, �99.6% minimum, typical �99.995% with the
balance being water (<1 ppm), or gases inert to ZnO) without
further purification.

PR used methods closely related to those described else-
where,39 with some modest improvements to improve the
signal-to-noise ratio. Specimens were pumped at near-normal
incidence with a continuous-wave 10-mW diode laser operating
at 355 nm. The beam diameter at the aperture was around 3 mm
and projects a circular illuminated area on specimen with diam-
eter around 5 mm. The transverse mode of pump beam is
TEM00 with no defocused lens and the approximated average
intensity is 0.051 W/cm2. The scanning probe light was pro-
vided by a 75 W arc lamp directed through a monochromator of
0.25 m focal length operating at a spectral resolution of 6.4 nm.
Directed at a 308 angle of incidence, the probe beam was
shaped within the pump beam projected image on specimen sur-
face through plano-convex lenses and then reflected into a pho-
todiode that was carefully shielded from stray pump light.
Phase-sensitive detection was accomplished with a mechanical

chopper operating at 410 Hz in the pump beam together with

conventional lock-in techniques. Scanning and data acquisition

of R and DR were computer controlled. Spectra were collected

at a stepping rate of 0.15 nm/s over the range 410–355 nm,

coincident with the fundamental band edge of ZnO (Eg

�303.07 kJ/mol [3.35 eV]).
Oxygen pressures P ranged from 5 3 1029 to 760 Torr,

with temperature varying between 300 and 346 K. The pres-

sure range was limited by the capabilities of the vacuum

chamber, and the temperature range was limited by room tem-

perature at the low end (with no cooling capability) and the

disappearance of the PR spectrum at T >380 K due to rapidly

increasing thermionic emission of minority carriers that

swamp the photocarriers. As P or T was varied in stages, sig-

nals for DR were monitored at a single wavelength corre-

sponding to a peak in the PR spectrum. The full spectrum for

determination of VS was acquired only after DR had stabilized

at its new (presumably equilibrium) value, generally within

2 h. The same spectra were obtained regardless of whether T
or P was stepped up or down. Evidence for spurious photo-

induced desorption as observed in other work29 was sought by

having probe beam positioning at a PR peak while instantly

turn on the pump beam and monitor the peak signal change as

a function of time, but no changes were found which rule out

the occurrence of appreciable photo-induced desorption. This

observation is probably due to the fact that our illumination

intensity (0.051 W/cm2) is much lower than the referenced

work (1.9 W/cm2), thus give us the capability to study the

band bending change as a function of adsorption.
XPS was implemented in a standard configuration (Kratos

Axis ULTRA, working pressure 5 3 1029 Torr), with spectra

collected both with and without low energy electron flooding

(estimated energy near 1 eV) to check for possible artifacts

connected with specimen charging. The X-ray energy was

1486.7 eV, monochromatized with a pass energy of 20 eV. As

no fine structure in the valence band was required, but only

the position of the valence band edge for determination of VS,

a standard 1486.7 eV X-ray source was used. Spectra were

collected at four distinct positions on the specimen to check

for spatial inhomogeneity; none was found. The XPS spectra

were acquired in the presence of a remotely placed cold cath-

ode ionization gauge. To confirm that optical illumination was

unlikely to affect spectra, we did control experiments with and

without illumination by a continuous UV laser (wavelength

355 nm, intensity 0.05 W/cm2). No appreciable difference was

observed in the resulting XPS spectra. The binding energy

scale was calibrated using the Fermi level edge measured for

an ion-bombarded gold sample. The energy distance between

the Fermi level and conduction band edge was calculated

based on a bulk carrier concentration (1 3 1012 cm23)

reported in the literature40 for ZnO specimens from the same

manufacturer, growth history, and material specifications.

Results

Standard PR spectral analysis

Figure 1 shows a typical PR spectrum of ZnO(0001). The

non-zero spectral amplitude manifests the existence of band

bending. Qualitatively, the lineshape accords well with previ-

ous PR and eletroreflectance work on single-crystal ZnO.41,42

Quantitatively, the spectra were fitted by the three-point

method developed by Aspnes and Rowe43 to the standard

third-derivative functional form given by Ref. 37
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DR=R5Re½Cei1ðE2Ecrit1iCÞ2n� (1)

where C denotes an amplitude factor, / a phase factor, C a
broadening parameter, Ecrit the energy of the critical point in
the band structure, and n the associated dimension. The spec-
tral structure in Figure 1 corresponds to a closely spaced pair
of excitonic transitions (E0A and E0B in the notation of Ref.
41) that cannot be resolved at the temperatures of this work.
Resolvable excitonic transitions normally correspond to n 5 2.
However, prior literature41,42,44 has used n 5 2, 2.5, or 3 to
optimize the fit empircally, and n 5 3 is the value used here
for the unresolvable excitonic pair. The value of / depends on
the dielectric constant of the material and spatial variations of
electric field with depth, and took a value between 1.09 and
1.13 that varied from spectrum to spectrum in this work with
no particular pattern. C fluctuated slightly among specimens
from 6.37 kJ/mol (66 meV) to 6.65 kJ/mol (69 meV) at 300 K,
and increased linearly with T by 0.13 meV/K. This increase
accords closely with the behavior of the broadening parame-
ters for the individual E0A and E0B transitions.41 Ecrit varied
with T between 320.95 kJ/mol (3.328 eV) and 319.31 kJ/mol
(3.311 eV) according a standard Varshni’s relation45

Ecrit Tð Þ5Ecrit 0ð Þ2 aT2

T1b0
2ð Þ (2)

with Ecrit(0) 5 330.11 kJ/mol (3.423eV), a 5 0.072 kJ/mol�K
(0.75 meV/K), and b05 690 K. These numbers agree closely
with literature values, with Ecrit(0) well approximated by the
average of the values for the individual E0A and E0B transi-
tions. Figure 1 shows an example fit, which is quite good.

VS was determined from the behavior of the amplitude fac-
tor C according to a method developed previously in this labo-
ratory.36 Briefly, C can be represented as

C5A1ln A2IexpðVs=kTÞ11f g (3)

where A1 and A2 describe optical properties of substrate, and k
denotes Boltzmann’s constant. Insertion of neutral density fil-
ters into the pump beam serves to vary I for a given value of
T. The resulting plot of C vs. I can be fitted with A1 and

A2exp(VS/kT) as adjustable parameters. Figure 2 shows exam-

ples of such plots at several temperatures centered around

310 K, together with fits obtained by a standard nonlinear least

squares technique. The consequent values of the parameter

A2exp(VS/kT) can then be plotted in Arrhenius form to yield a

value for VS from the slope, as shown in Figure 3.

Development of method to extract temperature

dependence of VS

The data analysis procedure just outlined tacitly presup-

poses that VS is independent of T, which was a good assump-

tion in prior work with silicon.36,37 With a temperature

dependence of sufficient magnitude in VS, Arrhenius plots

such as that in Figure 3 should show curvature. In practice,

however, such curvature would be difficult to discern even

Figure 2. Variation of the PR amplitude factor C with illu-
mination intensity for the spectra in Figure 1.
Solid lines represent logarithmic fits according
to Eq. 3.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Arrhenius plot of the quantity A2exp(Vs/kT)
taken from the data of Figure 3. Slope of the
plot gives VS0.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 1. Typical PR spectra of Zn-rich ZnO(0001) at
310 K with theoretical line shape according
to Eq. 1.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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with high-quality experimental data, and would require much

more data for C vs. I at a given temperature. A more practical

and accurate indication of temperature dependence in VS

comes from applying a new method over a range of target tem-

peratures, each with C vs. I obtained over a modest range of T.

Figure 4 shows the results of this latter approach. Each data

point represents the center of a small temperature range

extending 610 K on either side. The entire temperature range

of PR measurement encompassed 300–356 K—limited at the

lower end by the inability of the apparatus to provide speci-

men cooling, and at the upper end by disappearance of the sig-

nal due to normal thermionic emission of minority carriers in

the semiconductor.36 Figure 4 shows that the nominal values

of VS rise steadily from 30.86 kJ/mol (0.32 eV) to nearly

32.79 kJ/mol (0.34 eV). This increase lies well outside the

error bars of the measurement, which points to the need for an

adaptation of the method. As shown below, such an adaptation

is possible, but requires some additional data about VS from an

experimental technique in addition to PR.
Application of the chain rule to Eq. 3 shows that the slope

(S) of an Arrhenius plot of A2exp(VS/kT) equals VS 2 TdVS/

dT. The derivative dVS/dT obviously vanishes when VS

remains constant. However, in cases where dVS/dT does not

vanish, the PR spectra yield values for Vs that are inaccurate.

To see why this is so, consider an arbitrary function form

VS(T). As long as VS and dVS/dT are a continuous functions of

T (excluding discontinuities in VS due to first-order surface

phase transitions, e.g.), VS(T) can be linearized over a narrow

range of T by Taylor series expansion into the form

VS5VS01bT (3a)

where VS0 and b are constants. An Arrhenius plot of

A2exp(VS/kT) yields

S5d=dð1=kTÞfA2expðVS=kTÞÞg5VS2TdVS=dT5VS0 (3b)

In other words, the constant b cannot be independently

determined from the PR data. An additional measurement of

VS by an experimental technique other than PR is required to

establish the value of b.

The correction provided by the bT term is nontrivial, as can be

seen from the following example. A crude estimate of b may be

drawn from the T dependence in VS suggested by the slope in

Figure 3: that is, b� (32.79 – 30.86 kJ/mol)/(345–310 K) 5 54.97

J/mol�K (0.57 meV/K). At 310 K, this value of b would translate

into VS 5 VS0 1 bT 5 30.86 1 17.36 5 48.219 kJ/mol (0.50 eV),

or a correction of over 50% in the base value of VS.
To determine b more accurately, we measured an anchor

value of VS by XPS at 310 K as detailed below. The pressure

was of 5 3 1029 Torr lay at one end of the range of pressures

examined with PR. The XPS yielded VS 5 74.26 kJ/mol (0.77

eV), which leads to values for VS0 and b of 31.63 kJ/mol

(0.328 eV) and 0.135 kJ/mol�K (1.4 meV/K), respectively.
Figure 5 shows XPS spectra used to determine the energy Ev

of the valance band maximum at the surface, referenced to the

Fermi energy Ef. A linear fit to the low-binding-energy portion of

the ZnO spectrum was extrapolated linearly to the baseline, with

the intersection occurring at 415.66 kJ/mol (4.31 eV). The instru-

ment was calibrated in a similar way to determine the binding

energy corresponding to Ef (uniform among materials) through

an analogous spectrum of gold (shown inset in Figure 5), the posi-

tion of whose Fermi level is readily reproduced among instru-

ments. This binding energy was 55.94 kJ/mol (0.58 eV).
The position of Ef relative to the conduction band minimum Ec

was calculated based on the concentration n of majority carriers

(free electrons in the conduction band) via the following relation

Ec2Ef5kTln
Nc

n

� �
(4)

where, k is Boltzmann’s constant, and n 5 1 3 1012 cm23

given by Ref. 40. Nc denotes the effective density of conduc-

tion band states given by

Nc52
2pm�ekT

h

� �3
2

(5)

where m�e 5 0.27 m46
e is the effective electron mass of ZnO,

with the actual electron mass being me. This calculation leads

Figure 4. Variation of Arrhenius slope S as a function
of temperature in oxygen pressure 5 3 1029

Torr.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Linear fits to the leading edge of the valence
band XPS spectra from ZnO Zn-polar face,
and Ion bombarded gold reference sample
(inset) at 5 3 1029 Torr, 310 K.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 503

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


to Ec 2 Ef 5 37.61 kJ/mol (0.39 eV). The schematic energy

band diagram of Figure 6 shows how this number is used with

the room-temperature band gap energy Eg of 323.07 kJ/mol

(3.35 eV) to determine the position of Ev in the deep bulk,

leading to Ef 2 Ec 5 323.07 – 35.68 kJ/mol 5 285.46 kJ/

mol(3.35 2 0.39 eV 5 2.96 eV). The corresponding energy

difference (Ef 2 Ev)surf at the surface equals the difference in

binding energy measured for the Fermi energy and valence

band maximum, that is, 415.66 2 55.94 5 359.72 kJ/mol

(4.31 2 0.58 5 3.73 eV). Finally, the difference between Ev at

the surface and in the bulk equals 359.72 2 285.46 5 74.26 kJ/

mol (3.73 2 2.96 5 0.77 eV), which represents the magnitude

of VS. The bands are bent downward, signifying the formation

of an accumulation region of majority carriers near the sur-

face. Indeed, the magnitude of the band bending is so large

that Ef resides within the conduction band at the surface, put-

ting the near-surface region into a degenerate condition with

metal-like electrical conductivity. The identity of bulk ZnO as

a transparent conductive oxide in response to heavy doping is

well known,47 and the present results simply confirm that

behavior in response to band bending.

T and P dependence of VS

Figure 7 shows the values of VS obtained as a function of T
at P 5 5 3 1029 Torr. VS varies between 74.26 kJ/mol (0.77

eV) and 79.08 kJ/mol (0.82 eV). The function form is linear,

which is consistent with the assumption embodied in Eq. 3a.

As the temperature range in Figure 7 is notably wider than the

ranges used for computing VS at each point, the local linearity

assumption of Eq. 3a would not necessarily propagate through

into a straight line in Figure 7.
The analytical method described here tacitly assumes that

VS and C are linearly related, an assumption that has been jus-

tified elsewhere.38 Thus, if VS has been measured by this

method at a given value of T, it is not necessary to replicate

the entire intensity-dependent set of experiments when chang-

ing P at the same T. It is necessary to obtain C at only one

value of I. In other words, spectra can be measured one after

another as P is varied. Even better, as lineshape depends only

on T and not on P, only the value of DR/R at one wavelength

is required, as Eq. 1 implies that value will be proportional to

C. Typically this wavelength should be chosen at a spectral

extremum (e.g., near 321.15 kJ/mol (3.33 eV) in Figure 1) to

maximize the signal-to-noise ratio and minimize instrumental

drift effects.

Figure 8 shows VS at 310 K over oxygen pressures ranging
from 5 3 1029 Torr to atmospheric. VS decreases from 74.26
kJ/mol (0.77 eV) down to nearly 54.01 kJ/mol (0.56 eV) over
that range, with a nonlinear functional form. If both T and P
are allowed to vary, VS exhibits a maximum of 79.08 kJ/mol
(0.82 eV) at 346 K and 5 3 1029 Torr, and a minimum of
54.97 kJ/mol (0.57eV) at 310 K and 760 Torr. Thus, varying a
combination of T and P enables a variation of VS by a total of
24.11 kJ/mol (0.25 eV) in this range of temperatures and
pressures.

Discussion

Development of a surface potential at a semiconductor surface
has been well reviewed in the literature48,49 and results from
charge exchange between the bulk and surface due to the exis-
tence of donor or acceptor energy states associated with dangling
bonds, surface reconstructions, surface defects, or adsorbates. For
polar ZnO surfaces, numerous atomic reconstructions exist
whose stability depends on T and P.50 The available literature for
Zn-terminated ZnO(0001) is divided about the magnitude of Vs

Figure 6. Band structure of Zn-rich ZnO(0001) at 5 3
1029 Torr, 310 K. The bands bend downward
by 0.77 eV at the free surface edge.

Figure 7. Variation of surface potential Vs as a function
of temperature in oxygen pressure 5 3 1029

Torr.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Variation of band bending Vs with oxygen
pressure at sample temperature 310 K.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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for this surface under high vacuum conditions near room temper-
ature, but there is uniform agreement that an accumulation region

forms in response to downward band bending. Ultraviolet photo-
electron spectroscopy (UPS) and electron energy loss spectros-

copy have placed VS at 19.29–28.93 kJ/mol (0.2–0.3 eV).51,52

Other UPS work has placed VS at 86.80 kJ/mol (0.9 eV) for the
clean surface.53 Exposure of the surface to a remote O2 plasma

(20% O2/80% He) changed VS to 28.93 kJ/mol (0.3eV) upward
(i.e., depletion).53 However, unless unusual care was taken to

avoid exposure of the surface to stray ions, a certain degree of
ion bombardment would have been possible. Surface and subsur-

face defect formation due to the bombardment could have cre-
ated a significant concentration of acceptor defects that would

bend the bands upward. More recently, using synchrotron based
XPS, Heinhold et al. found band bending at room temperature on

Zn-terminated ZnO(0001) is downward by 57.86 kJ/mol (0.6

eV).54 Thus, the present value of VS� 77.15 kJ/mol (0.8 eV) lies
well within the range of previous work.

T and P dependence

The magnitude of VS is substantially larger than that sug-
gested based on PR alone, either taken directly from Figure 3

or computed indirectly by estimating dVS/dT from Figure 4.
The actual value of b 5 dVS/dT is more than a factor of two

larger than the estimate suggested by Figure 4. These differen-
ces emphasize the importance of incorporating the temperature

dependence of VS explicitly into the computation of VS itself,
as well as the need for an independent experimental anchor

point for the PR data. Note also that PR cannot measure the

direction of the band bending (or equivalently, the sign of VS),
but only the magnitude of VS.

The closest available literature report concerning the T
dependence of VS on Zn-terminated ZnO(0001) was per-
formed in UHV and reported a downward band bending with

slowly declining magnitude from 57.86 kJ/mol (0.6 eV) at
room temperature to 43.40 kJ/mol (0.45 eV) at 6508C.54 How-

ever, the magnitude of VS then decreased more sharply by
roughly 38.576 kJ/mol (0.4 eV) to 19.29 kJ/mol (0.2 eV) as T
increased further to 7508C. The authors attributed such a large
change over such a small range of temperature to an unspeci-

fied surface reorganization. However, they noted that Zn-

terminated ZnO(0001) supports appreciable concentrations of
adsorbed OH and H2O on loading into UHV at room tempera-

ture, The adsorbed H2O disappears on heating to 7508C, but
some OH always remains (although at slowly decreasing con-

centrations). The results shown in this work encompass a
much narrower range of temperatures. Yet, the magnitude of

VS increases (0.134 kJ/mol�K [1.4 meV/K]), rather than
decreases. The detailed results of Ref. 54 suggest that the con-

centration of adsorbed OH should remain constant in this tem-
perature range.

Moreover, the change in VS observed here is smooth and
continuous, which would not be expected for a first-order

phase transition between surface reconstructions. The more
gradual evolution of VS more likely represents a change in

adsorption state, as adsorbed oxygen was present in equilib-
rium. The change in VS would then reflect the behavior of the

adsorption isotherm. Indeed, the highest values of VS corre-
spond to the highest temperatures and lowest oxygen pres-

sures—both of which tend to decrease the concentration of
adsorbate in a typical isotherm.

The influence of gas adsorption on VS of semiconductors

has been known for many decades. In the case of oxygen, for

example, photoemission spectroscopy has demonstrated sub-

stantial changes in VS for both Si and III–V semiconduc-

tors,55–58 and PR has confirmed similar effects.37,59 Less work

exists for metal oxide substrates, but there still exists a useful

literature for comparison—including for ZnO.53,54,60,61 For

example, Chevtchenko et al.60 usedscanning Kelvin probe

microscopy to observe upward band banding for Zn-

terminated ZnO(0001) in the range 2.89–38.58 kJ/mol (0.03–

0.40 eV), attributed to adsorption of OH from the ambient

atmospheric background containing water. Heinhold et al.54

used XPS for the same surface intentionally dosed with water.

For surfaces already annealed to 7508C, room-temperature

exposure to even large amounts of water (104 L) did not

change VS, but pumping away the background after dosing did

increase the magnitude of VS by 9.64 kJ/mol (0.1 eV). Subse-

quent room-temperature dosing with up to 103 L of H2

decreased VS by 19.29 kJ/mol (0.2 eV). Coppa et al.53 used a

remote oxygen plasma as described above to induce substan-

tial changes in VS. The authors attributed the effects to the

adsorption of undefined “oxygen species,” but as indicated

above, the results could have been complicated by ion bom-

bardment effects. Indeed, early quantum computations sug-

gested that atomic oxygen should not adsorb on Zn-terminated

ZnO(0001),61 appearing to confirm experimental literature62

suggesting neither atomic nor molecular oxygen should bond

strongly. By contrast, recent computational literature63 reports

that both species should adsorb strongly (190–290 kJ/mol [2–

3eV/adsorbate]), which is consistent with this work.
This work shows that molecular oxygen decreases VS on

Zn-terminated ZnO(0001) by a substantial amount—up to

roughly 19.29 kJ/mol (0.2 eV). Note that ZnO the downward

band bending on the clean surface represents a response to

donor-like surface states. It has been proposed elsewhere for

other ZnO surfaces that O2, an electron scavenger, decreases

the band bending by extracting electrons from the surface

through adsorption,64,65 thereby becoming chemically

adsorbed O2
2 .53,66–68 This effect would keep electrons local-

ized near the surface instead of being donated to the conduc-

tion band and rendering the surface more positively charged.

Implications for defect engineering

Recent isotopic self-diffusion measurements of O in TiO20
2

and ZnO (Manipulation of point defects within metal oxide

semiconductors via surface polarity, in preparation) have

shown that near-surface electric fields can induce accumula-

tion of injected point defects within the space charge region.

Although diffusion induces the injected interstitial atoms to

spread into the underlying bulk, appropriate combinations of

electric field direction and defect charge can attract the

injected defects back toward the surface. In other words, elec-

tric drift can retard the diffusional migration of the charged

defects through the space charge layer, resulting in a longer

residence time within that layer. The extended residence time

causes the defects to pile up, with the effect scaling quadrati-

cally with VS.61 In the present case, the variation of VS

between 54.97 kJ/mol (0.57 eV) and 79.08 kJ/mol (0.82 eV)

would translate into an enhanced O interstitial concentration

by a factor of about three. Related transport modeling61 has

shown that depletion of such defects can occur as well depend-

ing on the sign of charge on the defects and the direction of

the electric field. The magnitude of VS required for such

effects can be quite small—on the order of a few meV.
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Other mechanisms for defect pile up in the space charge
region have also been identified due to charging contributions to
the O vacancy formation energy (for Fe-doped SrTiO3(100)69) or
to changes in the charge state of the defect (for boron near Si/
SiO2 interfaces70,71). In the latter case involving ion implantation,
the surface serves as a net sink for point defects by annihilation
rather than a net source by injection. Regardless of the specific
physical mechanism, however, or whether the surface is used as
a source or sink, the ability of VS to serve as a tool to influence
the spatial distribution of defects is clear.

Under suitable conditions, VS can be used as a tool to control
the net rate of defect injection or annihilation at the surface as
well. The ability of surface electric fields to inhibit the migration
rate of interstitial atoms toward the surface in a controlled way is
already well established in Si.72 The field-based attraction of
injected interstitials toward the surface described in Ref. 65 can
become large enough to affect not only the defects’ spatial distri-
bution (when VS is in the meV range), but also the net injection
rate deeper into the bulk (when Vs is considerably larger).

Adsorption of simple gases affects VS on metal oxide semi-
conductors other than ZnO. For example, G€opel et al. have
shown that adsorption of O2, H2, CO, and CO2 can affect VS on
TiO2.

73 Thus, we surmise that use of T and P to control VS via
the isotherm and thereby accomplish defect engineering may
generalize to other metal oxide surfaces as well. The properties
of the isotherm (as embodied in the enthalpy and entropy for
adsorption) would need to be matched to the temperature range
required for defect mobility. The present case of O2 on
ZnO(0001) near room temperature may not be well matched,
for example, to a defect engineering process of injecting O
interstitials to annihilate O vacancies 100 lm deep—requiring
temperatures several hundred degrees higher.

In liquids, control of VS can be accomplished electrochemi-
cally via suitably applied potentials. Indeed, such a phenom-
enon seems to underlie the defect manipulation that seems to
account for the recent report74 of enhanced room-temperature
oxygen storage by TiO2 nanotubes by electrochemical means.

The method described here for using adsorption P and T to con-
trol VS for defect engineering is distinct from, but complementary
to, another adsorption-based mechanism for controlling defect
behavior. This other mechanism involves controlled saturation of
surface dangling bonds, and has been demonstrated for sulfur on
TiO30

2 and nitrogen on Si.17 In both cases, defect injection and/or
annihilation rates were varied by 1-2 orders of magnitude through
adsorption of submonolayer concentrations of the controlling ele-
ment—to the extent that the majority species responsible for car-
rying self-diffusional flux actually changed. In this mechanism the
controlled saturation of dangling bonds at the surface modulates
the ease with which point defects can exchange with the surface.
In principle, the two methods may be combined and coordinated
to facilitate defect engineering through the surface.

Conclusion

This work has extended the in situ optical technique of PR,
augmented by a new data analysis method and XPS, to demon-
strate how isotherms for gaseous adsorption may be used to con-
trol VS for Zn-terminated polar ZnO(0001) via temperature and
gaseous oxygen pressure. At the modest temperatures of this
work, such information by itself could be useful to interpret and
control the operation of gas sensors. An equivalent concept used
at much higher temperatures characteristic of device processing
could be used, together with computational tools for modeling
the transport-reaction network, to accomplish defect engineering

via a combination of surface mechanisms involving VS and con-

trolled saturation of surface dangling bonds. The approach will

likely yield results that depend on crystallographic orientation—

a variable yet to be explored.
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