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Si(111) and ZnO(1010)
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The time-resolved change in the surface potential upon photoexcitation has been measured in two n-type
photovoltaics, Si (111) 7 x7 and ZnO (1010), using two different laser pump-synchrotron x-ray probe
methodologies. Taken together, these experiments allow the dynamics of the surface photovoltage (SPV) to
be monitored over timescales of subnanoseconds to milliseconds. The timescales for the photoinduced change
in the SPV are dramatically different in the two samples, with measured SPV decay time constants of 6.6 us
for Si and up to 1.2 ms (dependent on surface oxygen concentration) for ZnO. The carrier dynamics at the Si
(111) 7 x 7 surface are well modeled by a self-decelerating relaxation model involving the recombination of
carriers by thermionic emission across the surface depletion layer on nanosecond timescales. In the case of ZnO
(1010), a persistent photoconductivity (PPC) is observed, which is influenced by oxygen annealing conditions
during sample preparation. Persistent photoconductivity is also observed when the surface is illuminated with
subband-gap (405 nm) radiation, revealing that defect states approximately 340 meV above the valence band edge
are directly associated with the PPC. We demonstrate that, under the conditions of our experiment, PPC mediated
by these defects dominates over the oxygen photodesorption mechanism. These observations are consistent with

the hypothesis that ionized oxygen vacancy states are responsible for PPC in ZnO.
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I. INTRODUCTION

Silicon remains the most important material used in photo-
voltaic (PV) applications, having been used to fabricate solar
cells since the 1940s' and accounting for 90% of commercially
available devices as of 2008.2 However, there is an urgent
need to lower the cost of solar energy, and this has led to a
widespread search for new PV technologies and alternative
photoanode and photocathode materials.>* An important
property of one of the electrodes of any solar device is
transparency, leading to a new focus on transparent conducting
oxides or TCOs.*>~ Our understanding of carrier dynamics
in these materials is in its infancy and has motivated this
study, where we compare the photoexcited carrier dynamics
in the archetypal photovoltaic Si [using the Si (111) 7 x 7
surface], with those at the surface of a potential next-generation
photoanode material, the TCO ZnO*71%13 [using the nonpolar
m plane (1010) surface].

The two photovoltaics studied here are chosen to have
formally similar surface electronic structure; both are n type,
with surface states which in a conventional semiconductor are
expected to give rise to upward band bending and an electron
depletion layer at the surface as shown in Fig. 1. In the case
of the well-studied Si (111) 7 x 7 reconstruction, the position
of the Fermi energy at the surface is pinned by a half-filled
surface state,’> which effectively forms a Schottky barrier
at the surface. The binding energies of the different surface
sites have been well characterized by x-ray photoelectron
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spectroscopy (XPS),'®!7 and the system thus provides a good
benchmark for studies of less well-characterized systems.
The band gap of ZnO (~3.4 eV)*"!® is significantly
larger than that of Si (around 1.1 eV).!"” It is intrinsically
nonstoichiometric, naturally exhibiting n-type behavior, but
despite its use as a gas sensor material for decades,’ its
defect chemistry remains a topic of controversy.»?*?! It was
initially assumed that n-type doping arose from the presence
of oxygen vacancies Vo, and it seems undoubtedly the case
that such vacancies are present®’?%2! (together with other
defects, including Zn interstitials, Zn vacancies, and defect
complexes).>”?® However, recent work has emphasized the
importance of hydrogen as a donor in ZnO, giving n-type
conductivity that depends on the concentration of oxygen
vacancies, [Vo], as the hydrogen donors occupy the oxygen
sites Hp.?>?* Similarly, the origin of persistent photoconduc-
tivity (PPC) in ZnO (where photoconductivity persists after
the exciting source has been switched off) continues to be
extensively debated.’ Persistent photoconductivity in ZnO has
for some years been attributed to hole capture from the surface
depletion layer by chemisorbed O; ,>*~*? and the oxygen envi-
ronment has been shown to influence the lifetime of PPC.%!
However, more recent work has emphasized the importance of
oxygen vacancies; modeling results have suggested that PPC
is controlled by band-gap states associated with metastable
doubly?'3233 or singly charged®* oxygen vacancies, which
are also thought to be responsible for the green defect (GD)
luminescence of Zn0.3*3¢ Persistent photoconductivity has
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FIG. 1. Nonequilibrium SPV in a conventional n-type semicon-
ductor probed using XPS. Laser illumination promotes electrons (e™)
across the band gap from the VB to the CB, which then migrate
into the bulk material due to the presence of the depletion layer.
The corresponding holes (h™) migrate to the surface. The electric
field within the space charge region and hence the band bending are
reduced (dashed lines). The BE of the core electron energy levels are
thus increased, reducing the kinetic energy (KE) of photoelectrons
liberated upon x-ray absorption. Here, E denotes the position of the
Fermi level prior to photoexcitation, which is pinned by the surface
states.

been associated with the loss of lattice oxygen®*! and also

with H, molecules trapped at oxygen vacancy sites.’” The
assumption of a depletion layer at the surface of n-type ZnO
is also open to question, as a series of elegant experiments on
the surfaces of n-type TCOs such as CdO, ZnO, In, O3 SrTiOs3,
and SnO; have shown that, at sufficiently low doping levels,
the surfaces can show accumulation rather than depletion
layers.>3#3° Such observations prompt an examination of
the charge dynamics at the surfaces of n-type photoanode
materials like ZnO, and indeed the need for such measurements
has been noted.*

These may be probed through the surface potential change
on photoexcitation. Upon photoexcitation, in the presence of
a surface depletion layer, electrons are promoted into the
conduction band (CB) of the semiconductor and migrate into
the bulk, reducing the amount of band bending at the surface
(Fig. 1), and it is this illumination-induced change in the
surface potential that is known as the surface photovoltage
(SPV) effect.*!*> The effect may be observed in photoemission
experiments, especially at low temperature where electron-
hole pair recombination rates are low.*} It may also be induced
by illuminating the surface with laser radiation of energy
sufficient to promote electrons across the band gap; use of a
pulsed laser then allows the time dependence of the SPV, and
hence the nonequilibrium band bending at the semiconductor
surface, to be probed.

A suitable time-resolved experiment to measure the
nonequilibrium SPV uses a laser-pump x-ray-probe arrange-
ment where a laser, used to photoexcite the sample, is syn-
chronized to an x-ray source such as that from a synchrotron
facility, so that the pump-probe delay time can be varied.
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X-ray photoelectron spectroscopy is used to probe the sample
at a range of delay times after the laser pump beam has
photoexcited the sample. The experiment measures the change
in SPV (which we term the SPV shift AVsp) induced by
the laser illumination (Fig. 1), i.e., the change in the surface
potential induced by the additional photocarriers generated
by the laser pulse (over and above any SPV induced by the
photoemission process itself).'*

Surface photovoltage measurements have been made on
a variety of Si and other semiconductor surfaces using
both optical**>* and free-electron laser pump beams>>-°
and a variety of experimental configurations; some of these
experiments have been recently reviewed by Yamamoto et al.”’
For example, Widdra et al.*® and Brocker et al.** utilized the
single-bunch mode of the BESSY synchrotron to provide a
time window of 800 ns in studies of the Si0,/Si (100) interface.
Experiments carried out by us at the UK Synchrotron Radiation
Source (SRS) followed this approach by synchronizing a laser
system to the synchrotron in single-bunch mode, giving a time
window of 320 ns (see Sec. [T A).

Here, we use laser-synchrotron pump-probe spectroscopy
to examine the carrier dynamics at the ZnO m-plane (1010)
surface and contrast them with those observed for the con-
ventional semiconductor surface, Si (111) 7 x 7, under similar
conditions. By combining data accumulated in two different
pump-probe modes, we are able to access timescales from
subnanoseconds to milliseconds and longer. We find that the
carrier dynamics at the Si (111) 7 x 7 surface are well modeled
by the recombination of carriers by thermionic emission across
the surface depletion layer on nanosecond timescales. We
obtain a consistent value for the dark carrier lifetime by
removing the background due to preceding pulses from the
SPV transient and discuss the effect of this background on our
data. Under the conditions of our experiment (which require
a relatively high intrinsic donor concentration), we observe
SPV shifts at the ZnO surface consistent with the presence
of a depletion rather than an accumulation layer. Our results
demonstrate a persistent oxygen-mediated photoconductivity
in ZnO. We show that, under the conditions of our experiment,
PPC is governed by the oxygen vacancy concentration, and
this dominates over the oxygen photodesorption mechanism.
This conclusion is supported by the observation of similar
dynamics in experiments conducted using subband-gap energy
excitation, revealing that defect states above the valence
band (VB) edge are directly associated with the PPC. These
observations are consistent with the hypothesis that ionized
oxygen vacancy states are responsible for PPC in ZnO.»
We discuss the consequences for the application of ZnO as
a transparent photoanode. Despite the different timescales of
the SPV decay in these two photovoltaics, we find that both
cases are appropriately treated by a model in which the SPV
shift self-decelerates,*®*’ allowing us to adopt a consistent
framework for extraction of carrier lifetimes.

II. EXPERIMENTAL

A. Pump-probe measurements

Laser-synchrotron pump-probe measurements were carried
out at two synchrotron sources, the SRS at Daresbury, UK,
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and SOLEIL, Saint-Aubin, France. At the SRS, a Ti:sapphire
ultrafast oscillator (Spectra-Physics, Tsunami) was synchro-
nized to a divided-down reference frequency from the
499.68 MHz SRS master clock using a commercial phase-lock
loop electronics module (Spectra-Physics, Lok-to-Clock). The
SRS was run in a single-bunch mode of operation, where only
one of the 160 available rf buckets was filled with electrons,
resulting in one electron bunch [of maximum pulse duration
200 ps full width at half-maximum (FWHM) height]® orbiting
at arepetition rate of 3.123 MHz. To obtain the same repetition
rate from the oscillator, it was necessary to use an acousto-
optic modulator-based pulse picker (Angewandte Physik &
Elektronik) to select every 26th pulse from the §1.198 MHz
laser pulse train. This resulted in pairs of x-ray and laser
pulses being delivered to the sample position every 320 ns.
The use of a photodiode sensitive to both soft x-ray and
infrared radiation (International Radiation Detectors, model
AXUVHS1)* enabled spatial and temporal overlap to be
achieved at the sample position, with the laser spot size
(3 mm?) completely eclipsing the x-ray beam (of profile
~2 mm horizontally x 0.1 mm vertically). This is necessary
to ensure that the x-ray beam probes only the region of
the sample pumped by the laser. The r.m.s. timing jitter
between the laser and synchrotron radiation (SR) pulses was
measured to be approximately 25 ps by using the photodiode
to take repeated measurements of the two pulses. To vary
the delay time between the laser pump pulse and x-ray probe
pulse a digital phase shifter (Analog Devices, direct digital
synthesizer, model AD9959/PCB) was used to adjust the
phase of the reference frequency supplied to the oscillator.
Measurements of the transient SPV on Si (111) used the
800 nm (1.55 eV) Ti:sapphire output, producing 90 fs pulses
with a fluence of 58 nJ cm~2 at the sample surface and a
synchrotron photon energy of 140 eV (chosen to maximize
surface sensitivity without undue loss of flux). Experiments
on ZnO (1010) required the oscillator output to be tuned to
720 nm and frequency doubled to provide 360 nm (3.44 eV)
due to the larger band gap of ZnO. X-ray photoelectron
spectroscopy was carried out using a SCIENTA SES2000
analyzer, probing the Si 2p and Zn 3d core levels in order
to measure the laser-induced SPV. The overall experimental
(monochromator + analyzer) resolution was 0.25 eV, and the
position of the Fermi energy was measured using a metal in
contact with the sample. Careful checks were made to ensure
that sample charging under either the x-ray or laser beam
was eliminated. For each time delay setting, a spectrum was
recorded without laser illumination both before and after the
photoexcited spectrum, in order to ensure that the spectrum
returned exactly to its original binding energy (BE) position.
This allowed the SPV shift to be measured across a 320 ns
time window with a subnanosecond time resolution limited by
the 200 ps pulse duration of the synchrotron.®
Time-resolved XPS measurements were also carried out
under laser illumination on the TEMPO beamline at
Synchrotron-SOLEIL.%® Here, a continuous wave (CW)
10 mW laser (Coherent, CUBE) operating at 372 nm was
modulated using a square-wave signal from a pulse generator,
typically switching the laser pump beam on every 0.5 ms
(i.e., a repetition rate of 2 kHz), with a maximum fluence
of ~25 uJ cm™2. The pulse generator was also used to trigger
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in-house software recording an XPS spectrum over a narrow
BE range every 50 ns. These spectra were recorded using a
SCIENTA SES 2002 analyzer with a two-dimensional (2D)
delay-line detector.®':*> The time resolution was determined
to be approximately 150 ns, limited by the time difference in
the signals from the delay-line detector and the speed of the
electronics. Data were typically recorded across a time window
of a few milliseconds. In excess of 10000 accumulations
were required to achieve satisfactory signal-to-noise ratios.
Spatial overlap of the x-ray beam (measuring ~150 um
vertically x 100 um horizontally) and the laser beam at the
sample was achieved using a charge-coupled device (CCD)
camera. A photon energy of 140 eV was used, and the typical
experimental (monochromator + analyzer) resolution was
150 meV. Care was again taken to check for and eliminate
sample charging as described above.

These two experimental arrangements taken together allow
measurement of the pump-induced SPV changes over a
very wide range of timescales, from subnanoseconds to
milliseconds and longer. While the former is suitable to probe
the carrier dynamics of a semiconductor such as Si, the latter
was found to be necessary to probe SPV transients in ZnO.

B. Sample preparation

The n-type phosphorus-doped silicon (111) wafer used
in this study was manufactured by Siltronix. The wafer had
a thickness of 0.5 mm and a resistivity of 5 =2 Qcm,
corresponding to a doping level of approximately 103 cm™3.
The surface was prepared under ultrahigh vacuum (UHV)
conditions by annealing using an electron beam. The surface
was first outgassed at 1073 K for several hours prior to repeated
flashing to 1273 K, to produce the well-known 7 x 7 surface
reconstruction,®>64

The m-plane ZnO (1010) surface was prepared using an
established recipe.®>® The surface n-type conductivity of
ZnO may be enhanced in UHV by sputtering, a process that
creates donors such as oxygen vacancies at the surface’’">
(possibly together with other defects and defect complexes
with oxygen vacancies).>’% Careful sample preparation is
required to enhance the surface concentration of these va-
cancies in order to avoid sample charging in photoemission.
The sample underwent three repeated cycles of argon ion
sputtering and electron beam annealing, up to a temperature of
1023-1043 K. Following this, the sample was then annealed
in 1.2-1.4 x 10~7 mbar oxygen at 703 K in order to heal
some of the excess oxygen vacancies created by sputtering at
the surface.%® This step is important in controlling the final
conductivity of the surface. In order to explore the effect of
oxygen vacancy concentration on the dynamics, the annealing
period was varied between 10 and 20 min, creating different
oxygen vacancy (and hence donor) concentrations’? in the
near-surface layers.”*’% The sample was then allowed to cool
in the presence of oxygen, before a low-temperature anneal
(603 K, 20 min), followed by a short high-temperature anneal
in vacuo (1023-1043 K, 10 min),”” completing the cleaning
process. A final high-temperature flash anneal in vacuo has
previously been used to remove residual adsorbed oxygen;’’
here, it was found to be necessary to eliminate charging during
the pump-probe experiment (Sec. IV B).
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The surfaces were diagnosed as uncontaminated using
low-energy electron diffraction, where sharp Si (111) 7 x 7
and ZnO (1010) 1 x 1 patterns were obtained,”® and XPS
showing no C 1s signal. Measurements were carried out at
room temperature at pressures in the range 1-8 x 107'° mbar.

III. SPV THEORY

The amount of band bending at a semiconductor surface
changes under photoexcitation. The total change in the band
bending at the surface, or SPV AV, upon illumination is
described by:'*

AVSKI),[ AVStgt np V()
=2Pexp( 2], 1
kr P\ kT o P\ kT M

Here, ng is the doping carrier concentration, np is the pho-
toexcited carrier concentration, and Vj, is the equilibrium band
bending. In our experiment, where we measure the change
in SPV AVsp induced by the laser illumination, the pho-
toexcited carrier concentration is determined using the laser
fluence, energy, and absorption coefficient. A change in the
surface potential also affects the photoexcited carrier lifetime

‘L'48
—AVsp
= , 2
T fooeXP( kT ) 2

where « is a material parameter (typically with values ranging
from 0.5 to 2)* and 7 is the dark carrier lifetime (the lifetime
of carriers in the absence of a SPV). The parameter « is likened
to the ideality factor in a Schottky diode.** A theoretical study
by Schulz et al.”® on p-type silicon (with a doping level of
10'5 cm~3) showed that values for o were consistently less than
1 and that the parameter also correlated with the equilibrium
band bending V{ (values for « of 0.73, 0.78, and 0.89 were
obtained for V; values of 0.25, 0.39, and 0.65 eV, respectively).
After photoexcitation, the recombination rate is assumed to
be limited by the process of overcoming the barrier induced
by the band bending by thermionic emission across the
depletion layer.*® The SPV shift reduces in a dynamic way
as recombination occurs [Eq. (1)], and thus the photoexcited
carrier lifetime increases with time [Eq. (2)] as the surface
potential returns to equilibrium. The decay of the SPV after the
laser is switched off is thus modeled as a constant deceleration,
as developed in Widdra et al.*® and Brocker et al*® For
the AV > kT case, the decay of the SPV shift over time
AVsp (1) can be described by:*
i] NG
Too

—A Vlot
AVsp (1) = —akT In | exp [ ——L ) +
akT
For the case where AV ~ kT, a more general form has
been proposed:*
AVsp (1)

_ _ tot
=—akT1n{l—exp(t—t> |:1—exp< A](‘;Sf’)]}
5 o
“

The onset of the pump-induced SPV change when the laser
is switched on may be modeled by a single exponential if
the rate of carrier creation far exceeds recombination (i.e.,
at sufficiently high fluence).*? Otherwise, a biexponential or
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a decelerated exponential model analogous to Eq. (4) may
be appropriate. The latter reflects the dynamic increase in
recombination rate as the surface band bending is reduced,
which acts to counterbalance the rate of carrier creation.

In this model, the pump-induced change in the surface
band bending is logarithmically dependent on the number of
induced charge carriers [Eq. (1)] and hence the photoexcitation
fluence @,

AVE () = akT In(1 + y®), )

where y is another material parameter.*’

IV. RESULTS

A. The Si (111) 7 x 7 surface

The SPV shift at the Si (111) 7 x 7 surface upon photoex-
citation with an 800 nm pump beam was measured using XPS
of the Si2p core level at a BE of approximately 99 eV. Typical
spectra are shown in Fig. 2. In the absence of photoexcitation,
the Si 2p core level signal shows a two-peaked structure with
a FWHM of approximately 1.2 eV, and a peak maximum at
99.1 eV BE. This is due to a number of surface and bulk
components, discussed further below. The laser-induced shift
in the BE of this core level (due to a change in the surface band
bending) can be seen in Fig. 2, where a shift in the BE of the
core-level energy spectrum of approximately 4 0.4 eV is seen
at a pump-probe delay time of 4 ns. A shift to higher BE is
expected for an n-type semiconductor as illustrated in Fig. 1.
[In separate experiments using a p-type Si (111) substrate with
an accumulation layer at the surface, a SPV shift to lower BE
was obtained, as expected (Appendix A, Fig. 10)]. Core-level
spectra recorded without photoexcitation before and after each
spectrum taken with laser illumination were found to overlie

laser off
—— |aser on

= = = Jaser off

t=+4ns

Intensity (arb. units)

102 101 100 99 98
Binding Energy (eV)

FIG. 2. (Color online) The Si 2p core level spectrum of the Si
(111) 7 x 7 surface, obtained using a photon energy of 140 eV.
The spectrum is shifted to higher BE when photoexcited with an
800 nm pump beam (at a fluence of 58 nJ cm~2) at a pump-probe
delay time of 4 ns before the x-ray probe. Spectra without laser
photoexcitation taken before (green line) and after (black dashed
line) the laser-on spectrum show that the peak returns to its original
BE after photoexcitation (the spectra overlie each other).
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FIG. 3. (Color online) Peak fitting of the Si 2p core-level spectra
shown in Fig. 2, (a) without and (b) with laser photoexcitation. The
XPS data are shown as crosses and the combined fit is shown with
a line through these data. The bulk (B) and surface (S;, etc.) state
fits follow the parameters outlined by Le Lay et al. (see text).!® A
magnified residual is shown above each figure.

each other (Fig. 2 and Appendix A, Fig. 10), confirming the
absence of residual sample charging.

The Si 2p core level spectrum of the Si (111) 7x7
surface is well characterized, and we follow the peak fitting
parameters established by Le Lay et al.'® Figure 3 shows
the components fitted to the spectra, both with and without
laser photoexcitation (marked “laser on” and “laser off”). The
2p3/2,1/2 doublet separation was fixed at 0.605 eV, and the
separate components were fitted using sum approximation
Voigt functions” (70% Lorentzian) with CasaXPS.%" The
spectral components include a bulk component (B) along with
various surface state components (S;—Ss). These have been
extensively discussed and assigned by others.'®63% The BE
positions and relative intensities of these states are in good
agreement with Le Lay et al.'® A broad tail at higher binding
energies in Figs. 3(a) and 3(b), fitted by a component labeled
SiO,, is attributed to a range of oxidized states that were not
completely removed during cleaning.':8? This is fitted as a
broad (FWHM > 1 eV) component.

Upon laser photoexcitation, the core-level energy spectrum
is broadened. In order to fit the spectra, we assume that the pop-
ulation of these states does not change on photoexcitation.®?
The bulk and surface states without laser photoexcitation
have FWHMs of 0.40 and 0.45 eV, respectively. During laser
photoexcitation, as shown in Fig. 3, the bulk component
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FIG. 4. (Color online) (a) The pump-induced change in the SPV
for an n-type Si (111) 7 x 7 surface, excited with 800 nm radiation.
The decay is fitted using the multiple-pulse model of Eq. (B2), giving
a dark carrier lifetime of 6.6 us. The inset shows the rising edge of
the pump-induced SPV change. (b) The increase in FWHM, Apwuwm,
of the surface and bulk components (relative to their values in the
absence of the pump) as a function of pump-probe delay time.

broadens to have a FWHM of 0.46 eV, and the surface states to
a FWHM of 0.49 eV. A study by Marsi et al.3* on the Si (111)
2 x 1 surface found similar broadenings of the Si 2 p spectrum,
with a SPV shift (160 meV) comparable to this study. This
broadening is discussed further below.

The BE shift seen in the Si 2p core level spectrum was
measured at different pump-probe delay times (Fig. 4). For
time delays of 20-300 ns, we observe a nonexponential decay
of the SPV over a timescale of several hundred nanoseconds,
consistent with the observations of Widdra et al.*® for the
Si0,/Si (100) interface. In Fig. 4, the SPV shift lies on
a time-varying background of approximately 345-300 meV,
which is attributed to the residual SPV induced by preceding
laser pump pulses, which photoexcite the sample every 320
ns (i.e., the band bending does not return to its equilibrium
value within the 320 ns time window provided by the
repetition rate of the synchrotron). Therefore, to fit the data
according to Eq. (3), removal of the background due to these
preceding pump pulses is required. We adopt the procedure
given in Appendix B. Increasing the number of preceding
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pump pulses in the model leads to a convergence of the
fitting parameters when all the preceding pulses that can
influence the SPV decay have been included (see Appendix B,
Fig. 11). Convergence of the fit is achieved after 20 previous
photoexcitations are included in the model (as shown in
Fig. 11), i.e., a photoexcitation equilibrium is reached after
21 laser photoexcitations. A change in the surface potential
of 100 meV with each photoexcitation pulse is obtained from
this fitting procedure, together with a dark carrier lifetime 7
of 6.6 us and a material parameter o« of 0.74.

The dark carrier lifetime is consistent with literature values.
Ogawa et al. > find a relaxation time of 0.5 us for a Si (111)
7 x 7 surface with a resistivity of 0.01 € cm, and Hamers
and Cahill® obtain a relaxation time of 1 us for a p-type
Si (111) 7 x 7 sample with a resistivity of 0.1 Q2 cm. The
resistivity of the sample used here was ~5 Qcm, with a
fitted dark carrier lifetime of 6.6 us, consistent with the
established increase in carrier lifetime with resistivity in Si.%
However, Long et al.** report a relaxation time of 14 us
for n-type Si (111) 7 x7, where the doping level was
1.1 x 10'® P (equivalent to a resistivity of ~0.5 Qcm). The
apparent discrepancy in the measured carrier lifetimes with
doping level is reconciled by noting the differences in the
excess carrier concentration created upon laser illumination.
Meier et al 3¢ show that, while carrier lifetime decreases as the
doping level increases, for Si, lifetimes increase as the excess
carrier concentration increases (up to approximately 10'7 cm =3
for doping levels of 10> cm~3 and above). The laser fluence
used in these experiments was 58 nJ cm~2, whereas the work
by Long et al.** used a laser fluence of 100 pJ cm™2, three
orders of magnitude larger. The extracted carrier lifetime of
6.6 us is consistent with Meier e al.3¢ for the doping level
of ~10'> cm™ assuming an excess carrier concentration of
~10'" cm~3 is created in our experiment. The lifetime of 14 s
measured by Long et al.** is also consistent with Meier et al.3°
if an excess carrier concentration of ~10'7 cm™ is assumed,
three orders of magnitude greater than that created in our
experiment and consistent with the difference in fluence.

The slow onset of the pump-induced SPV [inset of Fig. 4(a)]
at short time delays (up to 20 ns) limits the conclusions we can
reliably draw about this time period. The full reasons for this
slow onset are not completely clear; the timescales involved
are far in excess of the timing jitter in the experiment (~25 ps).
However, the width is influenced by a number of experimental
factors, including the effect of the changing surface potential
on electrons that have already left the sample when the
photoexcitation pulse arrives, as described in detail by Widdra
et al.,** which produces a broadening of around 1 ns.
The shape of the onset is also affected by the residual SPV
induced by preceding laser pump pulses (discussed above).
The effect is to broaden the SPV maximum somewhat (as
shown in Fig. 12, Appendix B). We observe no fast (a
few hundred picoseconds to a few nanoseconds) component,
consistent with the observations of Widdra er al.,*® but in
contrast with those of Ogawa et al. 3> and Marsi et al. >° for the
Si(111)7 x 7and 2 x 1 surfaces, respectively. The observation
of the latter might indicate the presence of a fast decay channel
mediated by surface states.’® Its absence here suggests that
the data are appropriately fitted using the self-decelerating
charge relaxation model where the carrier lifetime increases
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as the SPV shift decays.***’ The significant differences in the
onset data observed by different groups*®32¢ merit further
investigation.

Figure 4(b) shows the change in the FWHM of the surface
and bulk components of the Si 2p photoelectron spectra as a
function of pump-probe delay time. The broadening decreases
as the pump-probe delay time increases and a lower amount of
broadening is observed for the surface components. At the laser
fluence used in our experiments, we estimate the temperature
rise due to laser heating is significantly less than 1 K. Thus,
this broadening cannot be associated with laser heating. Peak
broadening during laser-SR SPV measurements has been
observed previously and assigned to temporal averaging of
rapid SPV variations during the synchrotron probe pulse.3*
However, we note that this mechanism would only give rise to
a significant effect at short time delays where the SPV is chang-
ing rapidly; our measurements at long time delays show that
the observed broadening must be due to another mechanism.
The broadening is likely to be associated with the Gaussian
profile of the laser pump beam, which creates more carriers
at the center of the beam than at the edges. Thus, the SPV
may vary with position across the pump beam and hence
also across the relatively large probe beam that is coincident
with it. This would broaden all the spectra taken under laser
illumination, by an amount dependent on the size of the SPV
at the time delay sampled as we observe [Fig. 4(b)]; the effect
would be smaller for the surface states whose energies are
effectively pinned by the Fermi energy, also as observed.

The equilibrium band bending V|, obtained using Eq. (1)
for a SPV of 100 meV is 0.21 eV. This places the Fermi level
0.64 eV above the VB maximum at the surface, as discussed in
Appendix C and shown in Fig. 13. This value agrees well with
other studies that show that the Fermi level is pinned between
0.63 and 0.65 eV above the VB maximum for this silicon
surface.**%788 The material parameter « is correlated with the
value of Vj; the value obtained for « (0.74) for V, = 0.21 eV
matches well with the value of « = 0.73 for V; = 0.25 eV
calculated for p-type silicon with the same doping level.”®
The observed maximum change in the surface potential AV
of 100 meV indicates that the photoexcitation fluence used was
not sufficient to fully remove the equilibrium band bending.

In our experiment, the 800 nm (1.55 eV) pump beam can
excite electrons into the unoccupied (U;) surface states of the
Si (111) 7 x 7 surface," (illustrated in Appendix C, Fig. 13)
as well as across the band gap. The relaxation time for electron
decay from the U state into the bulk has been measured [using
a very high photon fluence of 0.8 mJ cm~2 in two-photon
photoemission (2PPE)] to be 140 ps.'> This is at the limit of
the time resolution available to us and is very unlikely to be
observed at the low fluence (58 nJ cm~2) of our experiment.
We conclude that the primary process influencing the data of
Fig. 4 is the recombination of carriers excited across the band
gap of Si and that the data may be fitted by the self-decelerating
charge relaxation model.*3+

B. ZnO (1010)

Similar laser-SR pump-probe experiments, again using the
same femtosecond laser synchronized to the SRS operated in
single-bunch mode, were used to probe the carrier dynamics
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of the (1010) (m-plane) ZnO surface. These experiments used
the frequency-doubled output of the Ti:sapphire oscillator at
360 nm (3.44 eV) to photoexcite the ZnO sample (with a
band-gap energy of 3.4 eV).!® The low-lying Zn 3d core level
was used to measure the pump-induced change in the SPV.

A shift of the core-level photoelectron spectrum to higher
BE of 115 meV was measured with a pump laser fluence of
6.6 nJ cm~2. A shift to higher BE is expected for an n-type
oxide with a depletion layer at the surface (Fig. 1). This
shift was removed in the absence of laser illumination. As
we discuss below, under the conditions of our experiment,
we measure the behavior of a nonstoichiometric ZnO;_,
surface with a surface oxygen vacancy concentration of
101-10'2 ¢cm~2, and our results indicate the presence of a
depletion layer, in common with other studies.*** While it has
recently been argued that electron accumulation is intrinsic at
ZnO surfaces, we anticipate that much lower surface defect
concentrations would be required for its observation, as in
other TCOs.?

In contrast with measurements from silicon, no decay of
the SPV was observed over the 320 ns time window of the
SRS as shown in Fig. 5(a). This indicates that the charge
carrier dynamics occur over much longer timescales in ZnO
compared with Si. After photoexcitation, no decay of the SPV
shift occurs before the next laser pulse arrives, with the result
that a constant SPV shift is measured across the 320 ns time
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FIG. 5. (Color online) (a) Surface photovoltage shift of the Zn
3d core level of the ZnO m-plane surface studied at the SRS,
under photoexcitation with 3.44 eV laser pulses with a fluence of
6.6 nJ cm™2. No decay in the pump-induced SPV decay is seen
over the time window of the SRS. (b) Power dependence of the
pump-induced SPV change at a pump-probe delay time of 10 ns. The
inset shows the SPV shift plotted against In®. The data are fitted
using Eq. (5) witha@ = 0.61 and y = 5.96 cm? nJ~!.
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FIG. 6. (Color online) The Zn 3d core level of the ZnO m-plane
surface recorded using a photon energy of 140 eV with (red line)
and without (green and dashed lines) laser photoexcitation with a
CW laser (372 nm, 10 mW). The semicore Zn 3d level has a complex
peak shape influenced by interaction with VB states®® and is consistent
with previous studies of this surface.”!

window, including t = 0. A power dependence study [Fig. 5(b)]
was carried out to verify the relation given by Eq. (5). The SPV
depends logarithmically on the laser fluence (and hence the
number of induced charge carriers), as is typically observed
for smaller gap semiconductors such as silicon.®’

These experiments indicate that the SPV decay at the ZnO
(1010) surface occurs on timescales in excess of several hun-
dred nanoseconds. In order to understand this phenomenon,
we have carried out time-resolved XPS using the experimental
arrangement at the TEMPO beamline at Synchrotron-SOLEIL
(described in Sec. IT A), where SPV changes on timescales
from hundreds of nanoseconds to seconds can be measured.
Here, a CW laser operating at 372 nm (3.33 eV) was used to
photoexcite the sample. The laser was modulated by a signal
generator that was also used to trigger the data acquisition
software. The laser was typically modulated every 0.5-2 ms,
allowing the onset as well as the decay of the SPV shift to
be measured. The SPV shift was measured using the peak
maximum of the Zn 34 signal, and checks were again made to
ensure that the shift was exactly removed in the absence of laser
illumination (Fig. 6).°%°! No SPV shift was observed when
the experiments were repeated with significantly subband-gap
radiation, for example at 590 nm (2.1 eV); subband-gap
excitation is discussed further below.

To investigate the remarkably slow decay of the SPV,
the effect of a change in sample preparation conditions
was explored. As oxygen vacancies have been implicated
in the PPC of Zn0,**3%4" the influence of a change in
the concentration of oxygen vacancies (and hence donors),
achieved by altering the length of the oxygen annealing cycle,
was investigated. Figure 7 shows the effect of changing the
length of this part of the annealing cycle from 20 to 10 min
[Figs. 7(a) and 7(b), respectively]. All other experimental
conditions are identical. For the 20 min oxygen anneal case,
the BE of the Zn 3d peak is plotted as the laser is switched on
at 0 ms and off after 0.5 ms [shown in the magnified section of
Fig. 7(a)]. When the laser is switched on, a total core-level shift
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FIG. 7. (Color online) Binding energy shift of the Zn 3d core
level of the ZnO m-plane surface recorded using a photon energy of
140 eV, during modulation of 3.33 eV CW illumination for a min-
imum of 10000 data accumulations. Laser modulation is indicated
by arrows. The samples were prepared identically (as described in
Sec. II1B) except for annealing in 1.2—-1.4 x 10”7 mbar oxygen at
703 K for (a) 20 min and (b) 10 min [the experimental data in (a) are
shown repeated on the time axis in the middle panel for comparison
with (b)]. The decay and onset of the pump-induced SPV are fitted
using Eq. (4) and an analogous decelerating exponential increase,
respectively (red lines). Reducing the oxygen annealing time from
20 to 10 min leads to an increase in the dark carrier lifetime 7, of
approximately one order of magnitude.

of 48 meV to higher BE is observed, but the rise time of the
shift is very long. The SPV shift reaches its maximum value
after approximately 0.1 ms. When the laser is switched off,
the SPV shift decays back to equilibrium slowly, over almost
0.5 ms.

We use self-decelerating relaxation models to obtain char-
acteristic lifetimes for both the SPV onset and its decay.
Equation (4), rather than Eq. (3), was found to provide the best
fit of the decay of the pump-induced SPV. This is because, in
this experiment, the total SPV shift of 48 meV is comparable to
kT (~26 meV), requiring use of the more general form of the
expression for SPV shift [in place of Eq. (3) used for the silicon
data]. Likewise, a decelerating exponential increase, analogous
to Eq. (4), fitted the onset of the SPV shift well, as discussed
in Appendix D. A similar value for the material parameter o
(0.61) was obtained as in the experiments conducted on this
surface at the SRS [Fig. 5(b)]. A much larger time constant for
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FIG. 8. (Color online) Binding energy shift of the Zn 3d core
level of the ZnO m-plane surface recorded using a photon energy of
140 eV, during modulation of 3.06 eV (405 nm) CW laser illumination
(blue crosses) for a minimum of 10000 data accumulations. The
sample was prepared as in Fig. 7(b). Continuous wave laser
modulation is indicated by arrows. A dark carrier lifetime 7, of
570 ps is obtained by fitting with the self-deceleration model of
Eq. (4). Also shown is the BE of the Zn 3d core level during
illumination with 590 nm (2.10 eV) radiation (orange circles). Here,
a pulsed laser (225 fs pulse width) was modulated at 500 Hz, i.e.,
every 2 ms, with a delay of 1 ms.

the SPV shift of 1.2 ms [approximately an order of magnitude
larger than that shown in Fig. 7(a)] is found when the oxygen
annealing time is reduced [Fig. 7(b)].

The change in the oxygen annealing treatment of the
substrate changes the timescales of the slow SPV decay by
approximately an order of magnitude, with the slowest SPV
decay time found in the less oxygenated surface. We also
note that this surface shows a smaller SPV shift; an SPV
shift of 20 meV is measured in Fig. 7(b) (10 min oxygen
anneal), compared with 48 meV in Fig. 7(a) (20 min oxygen
anneal). The material parameter o decreases from 0.61 to
0.34 as the oxygen annealing time is halved. The increase
in 75 from a few hundred microseconds to around 1 ms on
decreasing the oxygen annealing time in this way was found
to be reproducible in several different experiments conducted
on successive synchrotron beam runs.

In order to explore the possible role of oxygen-vacancy-
related band-gap states in PPC,*" separate experiments were
also conducted using subband-gap excitation to excite a sample
prepared in a similar way to that in Fig. 7(b), i.e., annealed in
oxygen for 10 min. A pulsed laser of significantly subband-gap
energy (wavelength 590 nm, or 2.10 eV) was used to illuminate
the sample every 2 ms at a delay of 1 ms. No change in the
position of the Zn 3d peak was observed (Fig. 8); these laser
pulses do not have enough energy to photoexcite electrons
across the band gap of 3.4 eV or to excite the broad 2.5 eV GD
band.*> However, a small photoresponse with 7, of 570 s
was measured following 405 nm (3.06 eV) excitation (Fig. 8).
The observation of PPC using slightly subband-gap radiation
is consistent with observations from ZnO nanowires.**?2%3

V. DISCUSSION

The change in the surface potential caused by photoex-
citation has been observed on two dramatically different
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timescales. A Si (111) 7 x 7 surface was found to show a SPV
shift that decayed with a time constant of 6.6 us, whereas an
m-plane ZnO (1010) sample showed much slower onset and
decay constants spanning hundreds of microseconds or even
milliseconds, i.e., three orders of magnitude slower.

For the silicon surface, the data are well fitted by the
self-decelerating relaxation model used by Widdra et al.,*
without the need to invoke an additional fast (few nanoseconds)
component such as that found by Ogawa et al.’> The equilib-
rium band bending so calculated is consistent with the known
electronic structure of this surface. By removing the back-
ground due to preceding pulses from the SPV transient, we
obtain a value for the dark carrier lifetime that is consistent
with literature values.>>%%* We also observe no discontinuities
in the decay at subnanosecond timescales that might suggest
the presence of fast decay channels mediated by surface
states, as is observed for the Si (111) 2 x 1 surface.®* Overall,
we conclude that, within the timeframe of our experiment,
the observed SPV decay for Si (111) 7 x 7 is explained by
recombination of carriers by thermionic emission across the
surface depletion layer.

Clearly, very different behavior is observed for ZnO, an
n-type TCO. The SPV shift depends logarithmically on laser
fluence, as expected for a semiconductor. It may be fitted
using the self-decelerating relaxation model, generating a
consistent material parameter «. However, very long SPV
onset and decay times are measured, and these are clearly
strongly affected by the oxygen content of the sample. The
magnitude of the SPV decay is also influenced; the SPV
becomes larger and the decay faster as the oxygen content
increases. The rival explanations for PPC in ZnO (discussed
further below) all rely on the availability of oxygen; however,
in the oxygen photodesorption model, this is provided from
the environment by chemisorption,?*~3? whereas in the models
based on metastable band-gap defect states, the concentration
of lattice oxygen vacancies controls the PPC.33-30:40 For
nonstoichiometric oxides like ZnO;_,, we know from the
phase rule that the lattice oxygen content at a fixed temperature
is influenced by the partial pressure of oxygen in the gaseous
environment around the sample. This causes difficulty in
differentiating these mechanisms in experiments conducted
close to ambient pressure. The degree of control afforded by
our UHV experiment allows us to distinguish between these
proposals, as we describe below.

In the measurements shown in Fig. 7, the residual vacuum
during acquisition of the pump-probe data was similar for both
ZnO surfaces (around 1.5 x 107!% mbar). The measurements
therefore demonstrate that the SPV dynamics are influenced
by the initial number of oxygen vacancies (produced during
the preliminary surface preparation) over many thousands of
iterations of our experiment. Thus, we begin by estimating
these oxygen vacancy concentrations and the corresponding
donor concentrations. Unlike other n-type oxides, such as
TiO,, the presence of oxygen vacancies in ZnO does not give
rise to a distinct band-gap feature in VB photoemission, and
the oxygen vacancy concentration at the surface of vacuum-
annealed ZnO (1010) has been shown to be very low.?%?
However, the relationship between the surface oxygen vacancy
concentration [Vps] and sample preparation conditions has
been established in the seminal and extensive work by Gopel
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et al.®*%7 This allows us to estimate an initial [Vog] after
activation of the sample by high-temperature annealing in
vacuo at 1023 K (at a partial oxygen pressure of 10> mbar)
of 2 x 10'? cm~2, corresponding to a surface site occupancy
by vacancies @ of approximately 1.8 x 1073.% Similarly, the
change in surface conductivity with oxygen exposure as a
function of time has also been established by Gopel er al.?%-9>-%
As the conductivity of ZnO varies linearly with donor
concentration up to concentrations as high as ~10?° cm=3,’
we use this work to estimate that the surface oxygen vacancy
concentration after 10 min of oxygen annealing in 1.2 x
107 mbar O, at 703 K is reduced t0 0.6 x 10'2 cm—2, and after
20 min of annealing is 0.13 x 102 cm™2. 31929 We assume
that the ratio of the corresponding surface donor concentra-
tions is not affected substantially by the subsequent sample
treatment and that the defect concentration established in
the sample during high-temperature sample preparation is
quenched in subsequent room temperature measurements.
Using Eq. (1), we may then estimate the change in equilibrium
band bending induced by oxygen annealing in our experiment:

(AVS‘g(IO)) AVSE%t(lO)_l <n(10)) Vo(10)
"\aveaeo ) aveeo ~ " \nen)) e

(6)

where AV{(10,20), n(10,20), and V(10,20) are, respec-
tively, the total pump-induced SPV, donor concentration, and
equilibrium band bending at surfaces annealed in oxygen for
(10, 20) min. Here, we have assumed that the photoexcited
carrier concentration is constant, as constant laser fluence
was maintained between experiments. We obtain V,(20) ~
4.2 x Vy(10). This is consistent with the measured change
in o (shown in Fig. 7), assuming a similar relationship
between these quantities as found for Si.”® Together with the
relationship for the change in equilibrium band bending AV
with donor concentration:*®

(N

AVy = —kTIn [" (20)] ,

n(10)

we obtain Vy(10) ~ 43 meV and V((20) ~ 180 meV, both
consistent with the experimentally observed AV{'(10,20)
values of 20 and 48 meV, respectively. Thus, the surface
conductivity is higher and the equilibrium band bending
lower at the surface with the higher [Vps] as we would
expect. Photoexcitation of the surface acts to lower the barrier
further, analogous to applying a forward bias to a Schottky
diode; complete band-flattening is not achieved in either case.
The observation of slower dynamics for the less oxygenated
surface is thus all the more remarkable, as if the dynamics were
controlled solely by the probability of thermionic emission
across the surface depletion layer as for Si, then we would
expect the rate of recombination &, to be given by”®

®)

— (Vo — AVsp)
kT ’

k, X npexp |:

i.e., proportional to the concentration of donors np and the
probability of an electron crossing the surface barrier to
recombine with a hole. These are both factors that are larger
for the surface with higher [Vg].
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Clearly, some process other than thermionic emission con-
trols the observed dynamics in ZnO. Because of the importance
of ZnO as a gas sensor material, its photoconductivity has been
studied extensively.”2-3!-2 Persistent photoconductivity has
been observed frequently; photoconductive changes over
minutes and even hours are often reported.®?* 2’312 In our
experiments, the observed BE provides a measure of the
surface conductivity [because the high surface conductivity
associated with low band bending corresponds to high BE
in Fig. 7,” while surfaces showing high band bending (low
BE in our experiments) have low conductivity]. Indeed, the
SPV transients of Fig. 7 show a striking resemblance to the
photoconductivity transients recorded by Bao et al.’! and
Keem et al.”* for UV-illuminated ZnO nanowires and by Hou
et al.’ for ZnO nanowires where charge is injected into the ZnO
CB by charge injection from photoexcited CdSe quantum dots.

This behavior in ZnO has for some time been attributed
to the chemisorption and photodesorption of oxygen at the
surface;>*" alternative mechanisms involving metastable
band-gap defect states associated with oxygen vacancies have
been proposed more recently,*336-40 and some experimental
evidence supporting the involvement of these defect states
has emerged.’®***3 In the oxygen photodesorption model,
oxygen molecules chemisorb onto the ZnO surface primarily
at undercoordinated surface Zn sites.>’**!% The molecules
become negatively charged ions (O;) by capturing donor
electrons from the n-type ZnO substrate, creating a depletion
layer at the surface that causes band bending. Upon photoex-
citation, electron-hole pairs are created when electrons are
promoted into the CB. The holes migrate to the surface (under
the influence of the surface potential) and discharge oxygen
ions causing desorption of molecular oxygen from the surface
[A* + O, — 01(g), where (g) denotes the gas phase].?® The
electrons migrate in the reverse direction, into the bulk,
enhancing the photoconductivity, and the band bending is
reduced. After photoexcitation, the rate of recombination
is limited by the absence of holes caused by the oxygen
desorption process.? The equilibrium band bending is restored
by oxygen chemisorption at the surface involving the capture
of carriers across the depletion layer.”*?%3 This cycle is
illustrated in Fig. 9.

In this model, the timescale of the SPV decay is limited by
the rate of adsorption of O, from the gas phase, reestablishing
a chemisorbed layer of O, (with its associated depletion layer)
at the ZnO surface:'%

Znzns + 02(8) + e (Znz, 0, )s ©))

Znyz, s is an undercoordinated zinc atom in the surface layer that
may act as an adsorption site and (Znz,0; ); is the adsorption
complex. The controlled UHV environment of our experiment,
where we can estimate the rate of arrival of O, molecules at
the ZnO surface, allows us to test this model. If we assume
that O, adsorbs only at the vacancy sites with unity sticking
probability,’”” then in a partial pressure of O, of 10~'2 mbar,
timescales of the order of 100 s are required to fill all the
vacancies at the surface shown in Fig. 7(a) (annealed for
20 min in O;), and a correspondingly longer time for the
more defected surface in Fig. 7(b). Other molecules, such
as hydrocarbons (forming CO,) have been implicated in the
chemisorptions-photodesorption mechanism.?''°! However,
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FIG. 9. Schematic diagram of the processes occurring following
photoexcitation of ZnO. The pump-induced SPV measured is the
difference in the amount of band bending between the dark and
photoexcited states AVg)' = V; — V,. Filled circles denote electrons
and open circles denote holes. (a) Oxygen photodesorption mecha-
nism for PPC: the oxygen-related surface states are shown by solid
and dashed lines denoting filled and empty states, respectively.?*
(b) Persistent photoconductivity mediated by band-gap states associ-
ated with metastable doubly charged oxygen vacancies: the process
of carrier photoexcitation from a DLS is shown by the vertical arrows;
this releases two electrons to the shallow PHS.*?

even if we assume that every species in the residual vacuum
of the UHV chamber can chemisorb at the surface and
abstract holes, there remains a disparity of a factor of 10°—
10* between the observed timescales of PPC (Fig. 7) and
those predicted by the photodesorption mechanism. Thus, our
measurements clearly demonstrate that, under the conditions
of our experiment, the oxygen photodesorption mechanism is
not the dominant mechanism of PPC.

The measurement of PPC using subband-gap excitation
here (Fig. 8) and in measurements from ZnO nanowires>40-%3
and the dependence we observe on the initially introduced
[Vo] are difficult to reconcile with the oxygen photodesorption
mechanism. Both lend support to alternative mechanisms for
PPC involving band-gap states associated with metastable
doubly?!¥233 or singly charged®* oxygen vacancy states. A
consensus of opinion is emerging that the un-ionized oxygen
vacancy state Vg is a defect-localized state (DLS) lying
deep in the band gap>?° and is a very efficient hole trap.’?
However, modeling studies®* show that metastable ionized
oxygen vacancy states should have energies close enough to
the CB minimum (CBM) to contribute to conductivity. This
has led to the emergence of an alternative model for PPC.
Lany and Zunger’?> suggest that the energy of the doubly
ionized vacancy Vg’ lies above the CBM; on photoexcitation,
the electrons in the occupied DLS are promoted to occupy a
metastable perturbed host state (PHS) resonant with the CBM
(created by the BE between the photoexcited electrons in the
CB and the Vé+ state, Fig. 9). This leads to a configuration
change (primarily a shortening of the Zn-Zn bond distances),
such that there is an activation energy barrier of approximately
0.2 eV to return to the ground state; two electrons must also
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be captured by the V%;' state.3? The difficulty of meeting these
conditions simultaneously leads to PPC.!??

As in the oxygen photodesorption mechanism, the rate of
decay of PPC depends on the rate of recombination of the
photoexcited electrons with holes, and thus inversely on the
concentration of hole traps. Now, the main hole traps are
the unionized Vo (rather than surface O;),!* thus the PPC
persists for longer times as the oxygen vacancy concentration
increases, as we observe. We note that a number of studies
have shown that oxygen vacancies are more stable at or near
the surface than in the bulk;*!*>!% given the field gradient
at the surface (Fig. 9), this suggests that most of the hole
trapping occurs close to the surface. We observe no change in
the measured SPV shifts over the tens of thousands of photoex-
citation cycles necessary in our experiment (Fig. 7), or after
repeated measurements. This is consistent with a mechanism
dependent on the initially introduced [Vp], but inconsistent
with the oxygen photodesorption mechanism (as we would
expect the surface to become depleted of chemisorbed oxygen
in UHV after very few photoexcitation cycles). We note
that the dynamics observed in ambient pressure experiments
are also strongly dependent on the availability of oxygen,
being significantly slowed (to many hours) in vacuum or
an inert gas.>3! This has been used to support the oxygen
photodesorption mechanism, but as we noted above, for a
nonstoichiometric oxide, [Vo] is also influenced by the partial
pressure of oxygen surrounding the sample; our experiments
allow these effects to be deconvoluted.

The oxygen photodesorption model implies that photo-
conductivity in ZnO requires photons with energies at least
as large as the band gap. As band-gap states are implicated
in the oxygen vacancy mechanism, PPC mediated via this
mechanism should be observable using subband-gap radiation,
as observed here (Fig. 8) and in measurements from ZnO
nanowires.>***%3 Qur observation of PPC using 405 nm
radiation (3.06 eV, cf. the ZnO band gap of 3.4 eV) is consistent
with the conductance onset observed at 410 nm (3.02 eV) by
Liu et al.*° (and attributed by these authors to Vo states lying at
around 240 meV above the VB edge). Our experiments reveal
similar slow dynamics for subband-gap (405 nm) and band-gap
excitation, showing that these oxygen-vacancy-related band-
gap states are directly associated with the PPC.!% Taking a
value for the bulk band gap of 3.4 eV,>-!3 these defect states
lie approximately 340 meV above the VB edge, consistent
with the range of energies identified by Liu et al*® The
true nature of these states has still to be determined; for
example, the involvement of hydrogen at V, sites®” cannot be
excluded.

Our results show that carrier recombination at the m-plane
ZnO surface is orders of magnitude slower than in conventional
semiconductors such as silicon. The resulting timescales (in
the microsecond to millisecond range) are akin to those
normally associated with carrier transport. These results have
important consequences for the fabrication of next-generation
solar cells using ZnO, for example as photoanode. These
devices rely on charge injection from a photosensitizer (such
as a dye or quantum dot) into the photoanode.’ Current
indications are that charge injection into oxide photoanodes
is fast (occurring on femtosecond timescales).!*® Our results
show that, once injected into the CB of ZnO, the lifetime of the
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photoexcited carrier may be very long, making it competitive
with the times taken for transport through the photoanode to
the back contact. This means that ZnO photoanodes are highly
suitable for efficient transport of photocurrent, contributing to
the external quantum efficiency of the device.

VI. CONCLUSIONS

We have compared the photoexcited carrier dynamics in
the archetypal photovoltaic Si [using the Si (111) 7x7
surface], with those at the surface of a potential next-generation
photoanode material, ZnO [using the nonpolar m-plane (1010)
surface]. Two laser-pump x-ray-probe experiments have been
used, one measuring changes over a 320 ns time window
with subnanosecond resolution, and one over much longer
millisecond timescales, with a resolution of 150 ns. The
two photovoltaics studied have formally similar electronic
structures, but nevertheless show very different charge carrier
dynamics. The pump-induced SPV at the Si (111) 7 x7
surface is found to decay with a time constant of 6.6 us
and is well modeled by the self-decelerating relaxation
model.** Our analysis demonstrates the importance of
removing the background due to preceding pulses from the
SPV transient. We find no evidence of a shorter (nanosecond
or subnanosecond) component, and conclude that, over the
timescales of our experiment, the decay is explained by
recombination of carriers by thermionic emission across the
surface depletion layer. The SPV shift at the ZnO (1010)
surface is logarithmically dependent on laser fluence, as is
typically observed for smaller gap semiconductors. The SPV
decay may again be fitted by a self-decelerating model, but
the SPV decay time is much longer (typically hundreds of
microseconds), i.e., PPC is observed. However, calculation of
the oxygen arrival rate at the surface in our UHV chamber
allows us to demonstrate that, under the conditions of our
experiment, the oxygen photodesorption mechanism is not the
dominant mechanism of PPC. The decay time of the PPC is
sensitively dependent on oxygen vacancy concentration, and
may be changed by approximately an order of magnitude
by changes in the conditions used to prepare the surface.
The magnitude of the SPV decay is also influenced; the
SPV becomes larger and the PPC decay faster as the surface
is oxygenated. Persistent photoconductivity is also observed
when the surface is illuminated with subband-gap (405 nm)
radiation, revealing that defect states approximately 340 meV
above the VB edge are directly associated with the PPC.
These observations support the hypothesis that ionized oxygen
vacancy states are responsible for the PPC.*> The results
suggest that ZnO is highly suited as a photoanode material
in next-generation solar devices.

Laser-pump x-ray-probe measurements are powerful
probes of photoexcited carrier dynamics over a wide range
of timescales; indeed, the contrasting dynamics exhibited by
the two photovoltaics probed here indicate a need for further
studies in this area.
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APPENDIX A: MEASUREMENTS FROM p-TYPE
Si (111) 7 x 7 SURFACES

A boron-doped p-type silicon sample (resistivity 4 €2 cm)
was used to observe the SPV change upon photoexcitation in
a conventional p-type semiconductor. Figure 10 shows that
the Si 2p core level is shifted to lower BE (higher KE)
upon photoexcitation. This is in contrast to measurements
on the n-type surface (Fig. 2) where core level binding
energies are increased. This is consistent with the presence
of an accumulation layer (and downward band bending) at
the p-type Si (111) 7 x 7 surface, and contrasts with the
observation of a depletion layer (and upward band bending) at
the n-type Si (111) 7 x 7 surface.

APPENDIX B: Si (111) TRANSIENT SPV FITTING

The transient SPV is fitted according to the simplified
constant deceleration model (AVE > kT) from Brocker:*

_Avlot t
AVsp (1) = —akT In [exp (—“) + —] . (BD

akT 5
However, the SPV transient lies on a time-varying back-
ground of approximately 345-300 meV because the equilib-
rium band bending is not reached within the 320 ns time

Si 2p
t=+2ns

laser off

Intensity (arb. units)

= |aser on

= = = Jaser off

100 99 98 97
Binding Energy (eV)

FIG. 10. (Color online) The Si 2p core level spectrum of a
p-type Si (111) 7 x 7 surface, obtained using a photon energy of
140 eV. The Si 2p core level shifts to lower BE (A Vgp = 40 meV)
upon photoexcitation with 402 nm laser pulses (at a fluence of
9.53 nJ cm™' and a pump-probe delay time of 2 ns before the
x-ray probe). This is consistent with an accumulation layer at the
semiconductor surface. Spectra without laser photoexcitation taken
before (green line) and after (black dashed line) the laser-on spectrum
show that the peak returns to its original BE after photoexcitation (the
spectra overlie each other).
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FIG. 11. Convergence of (a) the total SPV shift AV, (b)
the material parameter «, and (c) the dark carrier lifetime 7.,
for increasing numbers of previous pulses included in the model
(N =1 to 30). The parameters converge at 100 meV, 0.74, and
6.6 us, respectively.

window of the SRS. Therefore, to fit the data according to
Eq. (B1), removal of the background due to preceding pump
pulses is required. The model is adapted as follows:

N
AVep (1) = AVsp (1) + ) AVsp(t +nT),

n=I

(B2)

where T is the time period, here 320 ns; N is the number
of previous photoexcitations included in the model, which
must be large enough such that all the previous pulses that
affect the current decay are included. Increasing N allows for
a convergence study to be carried out. Figure 11(a) shows
how the total SPV shift AV§‘]3‘, (b) the material parameter «,
and (c) the dark carrier lifetime to, vary as N is increased.
Convergence is reached at N = 20 (/N = 0.05) i.e., including
more previous photoexcitations does not change the fitting,
because these laser pulses are not affecting the current
photoexcitation decay. This is consistent with the fitted dark
carrier lifetime of 6.6 us (<320 ns x 21 pulses).

The background due to preceding pump pulses has a
significant influence on the transient SPV, shown in Fig. 12
where the model for the preceding 20 pulses [Eq. (B2)] has
been subtracted from the raw transient SPV data. The effect
of the preceding pulses on the onset of the SPV is shown in
Fig. 12(b), where the observed SPV maximum is reduced and
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FIG. 12. (Color online) (a) The pump-induced change in the SPV
for an n-type Si (111) 7 x 7 surface, excited with 800 nm radiation
and (b) the SPV onset before (black crosses) and after (red circles)
the subtraction of the background due to 20 preceding laser pump
pulses (blue dotted line). The corrected data are shown added to a
constant offset of 345 meV (corresponding to the background height
at t = 0) for ease of comparison.

broadened by the effect of the preceding pulses. This reduces
the confidence in any conclusions drawn about the behavior
of the surface at short (<20 ns) delay times. At longer delay
times, there is a significant divergence between the corrected
data and the raw data [Fig. 12(a)], and it is clear that fitting
the raw data with Eq. (B1) would lead to a considerably
underestimated lifetime. This illustrates the importance of
correction of the raw SPV data for the influence of preceding
pump pulses.

APPENDIX C: CALCULATION OF THE POSITION OF THE
VB MAXIMUM AT THE Si (111) 7 x 7 SURFACE

To determine whether the value of the maximum laser-
induced SPV obtained from the fitting procedure (shown in
Fig. 4) is consistent with the magnitude of the equilibrium band
bending at the surface requires knowledge of the position of
the Fermi level within the bulk of the material and the pinning
position at the surface. Within the bulk of the material, the
posgi;ion of the Fermi level Er below the CBM (E() is given
by:

Ec — Ep =kTIn (”—C> (1)

np

where np is the dopant concentration and n¢ is the density
of states function multiplied by the Fermi-Dirac distribution
function and integrated from the CB edge to infinity (com-
monly referred to as the CB effective density of states).”®
The latter is 2.8 x 10" cm™> for n-type, phosphorus-doped
silicon.”® The former can be obtained from the resistivity of
the sample (5 £ 2 € cm), which corresponds to a doping level
of 1 x 10" ¢cm™3 for n-type silicon.'"”” Here, (Ec — Ef) is
thus determined to be 0.26 eV at 300 K. The equilibrium band
banding V, obtained using Eq. (1), for a SPV of 100 meV, is
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FIG. 13. Schematic diagram of the electronic structure at the Si
(111) 7 x 7 surface. There are partially filled surface states at the
Fermi level (U;/0;), with a second unoccupied surface state 1.2 eV
above the Fermi level, as well as two occupied states 0.8 and
1.7 eV below the Fermi level.!>1%:1% The equilibrium band bending
Vo across the space charge region (SCR) is determined to be 0.21 eV.

SCR

0.21 eV. Therefore, the Fermi level is 0.64 eV above the VB
maximum at the surface, as shown in Fig. 13.

In Fig. 13, we also show schematically the energies
of the occupied and unoccupied surface states at the Si
(111) 7 x 7 surface, using values and assignments from the
literature.'>1%%:10° The partially filled states at the Fermi energy
(unoccupied labeled U; and occupied O;) arise from the
surface adatom dangling bonds, which give rise to the S;
component of the Si 2 p spectrum shown in Fig. 3.108 110111 The
occupied state marked O, at approximately 0.8 eV below Er
is due to the dangling bonds of the rest atoms; these atoms give
rise to the S5 component in the Si 2p spectrum. %8101 The
O3 state at approximately 1.7 eV below Ef is due to adatom
backbonding to the bulk and also has a small contribution from
surface dimers; this is linked with the S3 and S4 components
of the Si 2p spectrum. The adatom antibonding component
lies 1.2 eV above Er (marked U,).

APPENDIX D: ZnO (1010) TRANSIENT SPV FITTING

We use the self-decelerating relaxation model to obtain
characteristic lifetimes for the SPV decay, as for the Si (111)
7 x 7 surface. Equation (4) is found to be necessary to fit
these data, as described in Subsec. IV.B. This validates the
proposal by Brocker et al.* for the functional form of A Vip (1)
when AV ~ kT. Treatment of the initial onset of the SPV
when the laser is switched on is complicated by the constant
rate of photogeneration of carriers produced by the CW laser
illumination, which competes with recombination processes.
As a result, the measured time constants are expected to be
shorter than for the SPV decay, as we observe (Figs. 7 and
8). If the optical generation term dominates (for example,
if high-intensity illumination is used), then the onset of the
SPV transient may be fitted using a simple exponential that
yields a time constant inversely proportional to the intensity
of illumination.*> The onset data shown in Figs. 7 and 8 may
not be fitted in this way, indicating that the laser fluence is
not sufficiently high for the optical generation to completely
dominate the charge dynamics. In contrast to the SPV decay
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data, it is possible to fit the SPV onsets using a bi-exponential
fit, yielding two time constants. However, as the physical
significance of these time constants is unclear, we have
chosen instead to fit the SPV onset data to a decelerated
exponential model analogous to Eq. (4). This reflects the
dynamic increase in recombination rate as the surface band

PHYSICAL REVIEW B 88, 195301 (2013)

bending is reduced, which acts to counterbalance the rate of
carrier photogeneration (i.e., the slowing of the dynamics after
the laser is switched on is an intrinsic part of the physics of
the junction). This yields the values for 7, (the characteristic
timescale associated with photogeneration) shown in Figs. 7
and 8.
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