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Trap-limited photovoltage in ultrathin metal oxide layers
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Photovoltage signals were observed at ultrathin metal oxide (TiO2 ,Cu2O, ZnO)/ metal structures by tran-
sient and spectral photovoltage~PV! techniques. The sign, the spectral behavior and the time-dependent
relaxation of the PV are determined by the nature of the traps in the metal oxide layers. At lower temperatures,
the relaxation of the PV signal in TiO2 layers is controlled by recombination due to the overlap of the wave
functions of the spatially separated electrons and holes. At higher temperatures, thermal emission accelerates
the recombination process. The Bohr radius of trapped holes, the tail of the exponential approximation of
electronic states distribution above the valence band, the density of states at the valence band edge were
obtained for TiO2 layers by using the proposed model of trap limited PV. The concept of trap limited PV gives
a general tool for the investigation of excess carrier separation in ultrathin metal oxide or semiconductor layers
with trap states.
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I. INTRODUCTION

Nanoscaled materials are of great interest for interdi
plinary research due to their comparable size with molec
dimensions, biocompatibility~porous Si, porous TiO2) and
chemical reactivity of the expanded surface. For exam
porous metal oxides are applied in photovoltaic1

biosensors,2 and catalysis.3 Nanoscaled in one dimension u
trathin metal oxide layers are novel promising high-k dielec-
trics for electronics.4 The transport properties of nanoscal
metal oxides play in many cases an important role for ap
cations. However, little is known about the basic transp
mechanisms in nanoscaled materials, while usual for b
semiconductors concepts can not be applied.

The low value of charge carrier mobility in metal oxide5

implies a mean free path in the order of the interatomic d
tance. Therefore, ultrathin metal oxide layers can serve
model system to investigate intraparticle transport wh
may be useful for a better understanding of the electric tra
port in a network of interconnected nanoparticles. Metal
ides are wide band gap materials and electronic states in
forbidden gap are crucial for the charge transport. For
ample, the importance of defects for electronic transport
been shown for porous TiO2 electrodes6 and thin Ta2O5
layers.4

There are only a few experimental techniques allowing
obtain information about electronic states in ultrathin me
oxides. Photovoltage~PV! measurements have the adva
tages to be contactless and to give information about the
of states. This makes PV measurements more universal
other techniques such as photoelectron spectroscopy7 or in-
ternal electron photoemission.8 We apply the transien
photovoltage9 and spectral dependent photovoltage10,11 tech-
niques to investigate trap states in ultra thin metal ox
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layers. As known, a photovoltage arises whenever exc
charge carriers are separated in space. For example, the
ration of negatively and of positively charged sheets with
density of only 1010 cm22 by 1 nm would cause a reason
able voltage drop of the order of 100mV.

In this work we observed photovoltage signals at me
oxide ~thickness of the order of nanometers! / metal struc-
tures. The photovoltage measurements have been use
characterize trap states in ultrathin metal oxide layers. S
eral metal oxide layers (TiO2 ,Cu2O,ZnO) with different
dominating traps~hole traps, electron and hole traps, electr
traps, respectively! are investigated by spectral and transie
PV techniques. A model of the relaxation of the photovolta
signal including recombination of spatially separated exc
carriers due to tunneling and thermal emission is develo
for the case when only one type of charge carriers is p
dominantly trapped in the metal oxide layer.

II. EXPERIMENTAL DETAILS

Layers of TiO2 ,Cu2O, and ZnO were prepared at Ti, Cu
and Zn substrates, respectively. The TiO2 ~anatase! layer was
obtained by standard anodic oxidation in the galvanost
regime in a 0.5 M H2SO4 electrolyte and a current o
1 mA/cm2 was supported until the final voltage U0 was
reached. The thicknessd of the anodic layers of 20 nm is
determined by U059.5 V. Copper oxide was prepared b
thermal oxidation of Cu at 150 °C for 2 h@growth rate about
5 nm/h ~Ref. 12!#. The ZnO layer was formed by prolonge
native oxidation at room temperature. The thickness of
Cu2O and ZnO layers was about 10 nm.

The PV measurements were carried out in the stand
parallel plate capacitor arrangement.10 The capacitor con-
sisted of the metal oxide layer on the metal substrate
©2002 The American Physical Society19-1
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10 mm thick mica spacer and a semitransparent Cr electr
~diameter 5 mm!. The metal substrate and the semitransp
ent Cr electrode served as the reference and probe electr
respectively. The PV transients were excited with sin
pulses of a N2 laser~photon energy 3.7 eV, duration time o
a pulse 5 ns, density per pulse between 1022 and
102 mJ/cm2) and measured on a time scale from 10 ns to
ms. A 1000 W Xe lamp with a quartz-prism monochroma
was used to excite the spectral dependent PV in the rang
1–4 eV. The light was chopped with the frequency of 60 H
The presented PV spectra are normalized to the photon
F(UPV/F) for the regime of weak excitation~PV signal
depends linearly on the photon flux!.

III. FORMATION OF THE PHOTOVOLTAGE

A. Preferential trapping of electrons or holes

Figure 1 shows typical PV transients for different ultrath
metal oxide layers (TiO2 ,Cu2O, ZnO) on the respective
metal surfaces. The PV transients were excited by light w
photon energy above the band gap of the metal oxi
@3.42,13 2.0,14 and 3.3 eV~Ref. 15! for TiO2 ~anatase!, Cu2O
and ZnO, respectively#. Depending on the metal oxide, th
PV signal can be positive (TiO2) or negative~ZnO! or also
may change the sign in time (Cu2O). A positive ~negative!
PV signal means that negative~positive! charge carriers are
moving towards the metal surface so that preferentially p
tive ~negative! charge carriers stay trapped in the ultrath
metal oxide layer.

In the usual case, both electron and hole traps are pre
in metal oxide films, but the concentrations and distributio
of them may be very different. No PV signal would appea
both electrons and holes are trapped homogeneously in
metal oxide layer. For example, for the ZnO layer the ma

FIG. 1. Photovoltage transients for ultrathin layers of TiO2 ~a!,
Cu2O ~b!, and ZnO ~c! at the Ti, Cu, and Zn metal substrate
respectively.
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mum of the negative PV signal is reached only after ab
200 ns~for comparison, the duration time of the laser pul
was 5 ns! which gives an imagination about the release tim
of trapped holes in this case. In difference, the release tim
very short for electrons in the TiO2 layer. The situation is
more complicated in the Cu2O layer where the concentratio
of trapped holes is larger than the concentration of trap
electrons at the shorter times but where the release tim
much shorter for the holes.

Surface states at the metal oxides are changed imm
ately with changing the ambient gas atmosphere~air,
vacuum, adsorbed water, and oxygen!.10 However, the PV
signal did change only very slowly in time after changing t
ambience. This demonstrates that the traps being respon
for the formation of the PV signal in ultrathin metal oxid
layers are related to the bulk of the metal oxides.

B. Limitation of the photovoltage amplitude

The intensity dependence of the absolute values of the
amplitude for the TiO2 and ZnO layers~Fig. 2! is a linear
function of the intensity for small excitation level and obe
a square root dependence at higher intensities. A linear
pendence of the PV signal on the excess carriers conce
tion is considered in the small signal case. The square
dependence of the excess carrier concentration, and ther
of the PV, on the excitation intensity is determined by lim
tation due to bimolecular recombination and has been
cently discussed.16

C. States in the forbidden gap

Figure 3 depicts the spectral dependent PV for the diff
ent ultrathin metal oxide layers (TiO2 ,Cu2O, ZnO) on the
respective metal surfaces. The PV signals were normalize
the photon flux. The sign of the spectral dependent PV at
eV is in agreement with the sign of the transient PV sig
for the TiO2 and ZnO layers. The appearance of the PV
around 3.15 eV for the TiO2 layer implements the existenc
of electronic states essentially below the band gap of anat

FIG. 2. Dependence of the absolute value of the PV amplit
on the excitation intensity for the TiO2 and ZnO layers.
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The energy of the exponential tail below the band gap
E0

TiO2580 meV for the ultrathin TiO2 layer what is in very
good agreement with measurements on porous TiO2 layers
by spectral photoconductivity17,18 or PV.10 The exponential
tails are more extended in the ultrathin ZnO layer (E0

ZnO

5290 meV) than for the TiO2 layer. As remark, the value o
E0

ZnO is usually lower for thick ZnO layers.15

For the Cu2O layer, the PV signal is positive for excita
tion with photon energies below the band gap and nega
when the energy of the exciting photons is above the b
gap. The positive PV signal below 2 eV can be attributed
the excitation of electrons from occupied states near the
lence band edge into the conduction band from where
electrons can easily reach the metal surface.

IV. RELAXATION OF THE PHOTOVOLTAGE

A. Recombination of spatially separated charge carriers

The overlap of the electron and hole wave functions
termines the recombination rate of spatially separated ch
carriers ~spatially dependent recombination!. The spatially
dependent recombination is well known as one mechan
for persistent photocurrents. Whenever spatially depend
recombination of excess charge carriers takes place~for ex-
ample, distance-dependent donor-acceptor recombinat19

or recombination between the free electrons and locali
centers by means of tunneling20! the decay of the photocur
rent signal obeys logarithmic law.21 The situation will be
more complicated for the decay of the PV transients.

Lets consider that holes are trapped homogeneously in
metal oxide layer and that electrons tunnel from the me
substrate through the oxide to the trapped hole. The rat
the disappearance of holes can be written as21

dp~x,t !

dt
52

p~x,t !

t
expS 2

2x

a D , ~1!

FIG. 3. Photovoltage spectra for the TiO2 ~a!, Cu2O ~b!, and
ZnO layers~c!.
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wherex,t,p(x,t),t, anda are the distance from the meta
substrate/metal-oxide interface, time, excess hole conce
tion, lifetime without spatial separation, and the Bohr rad
of trapped holes. The PV signal is determined by the n
compensated positive charge which is given byp0 at the
starting timet50.

The time dependent photovoltage signal can be foun
integrating twice the Poisson equation while the hole c
centrationp(x,t) will be taken from Eq.~1!:

U~ t !5
e

««0
E

0

d

dxE
0

x

p~y,t !expF2
t

t
expS 2

2x

a D Gdy, ~2!

wheree is the elementary charge,«058.85310212 F/m,« is
a dielectric constant of the layer. This expression can
simplified in the case of t@t ~so-called sharp-front
approximation21!

U~ t !5
e

2««0
p0d2F12S a

2dD 2

ln2S 11
t

t D G . ~3!

For ultrathin TiO2 layers, the PV signal is determined pra
tically only by hole traps and Eq.~3! can be applied to the
analysis of the decay of the PV transients. The measu
~open circles! and calculated with Eq.~3!~line! PV transients
of the TiO2 layer are plotted in Fig. 4. The transients dec
linearly in Ln2(11t/t) units for t.t. The value ofp0 can
be found from the PV amplitude which is given byUPV

ampl

5ep0d2/2««0. From the fit of the measured PV transient o
gets the values of the Bohr radius of the trapped holea
52.8 nm), the initial concentration of the trapped hol
(p052.531016 cm23 for the case shown in Fig. 4! and the
lifetime without spatial separation (t50.4 ns). For the re-
laxation of the PV transients in ZnO or Cu2O layers, a
simple model as in Eq.~3! can not be given.

FIG. 4. Measured~open circles! and simulated by Eq.~3! ~line!
PV transients for the TiO2 layer. Simulations are made according
the spatially dependent recombination model with parametersp0

52.531016 cm23,a52.8 nm,t50.4 ns.
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B. Role of thermal emission at higher temperatures

For increasing temperature, thermal emission beco
important for the relaxation of the separated charge an
thermally activated time constant~detrapping timetd) ap-
pears. In the case that the relaxation of the excess ca
concentration is determined only by emission and tunnel
p0 in Eq. ~3! has to be replaced by

p~ t !5p0 expS 2
t

td
D ~4!

with

td5td
0 expS EA

kTD , ~5!

where EA is the activation energy andtd
0 is the pre-

exponential factor.
Figure 5 shows measured~symbols! and simulated~lines!

PV transients for the TiO2 layer at 311 and 351 K. The PV
transients become shorter with increasing temperature (td is
0.08 and 1.2 ms at 351 and 311 K, respectively!. The PV
amplitude increases with increasing temperature indica
to a partial compensation of trapped holes by trapped e
trons at lower temperatures. The trapped electrons es
from the metal oxide layer much faster than the trapp
holes with increasing temperature.

The activation energy depends on the intensity of the
citing light pulse. This is demonstrated in Fig. 6.EA ranges
between 0.25 and 0.32 eV. The excitation intensities are
lated to different values ofp0 which can be obtained from
the PV amplitudes. The correlation betweenp0 and EA is
given in the inset of Fig. 6 (p0 is taken for room tempera
ture!. One should remark that the exact value ofp0 is not
known due to the partial compensation by trapped electro

FIG. 5. Measured~symbols! and simulated~lines! PV transients
for the TiO2 layer at two temperatures. Thermal emission of ho
~detrapping times oftd51.2 and 0.08 for 311 and 351 K, respe
tively! is included into the spatially dependent recombinat
model. The other parameters of the simulated PV transients arp0

51.5–231017 cm23,a52.8 nm,t50.4 ns.
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For the given temperature range,p0 did increase by up to
40% from room temperature to 450 K.

The decay of the PV transient at higher temperature
caused by thermal emission of holes trapped in the T2
layer. We point out, that the barrier of 1.3 eV~Ref. 22! be-
tween the TiO2 and the Ti is much higher thanEA and that
therefore the emission of electrons from the Ti into the Ti2
layer can be neglected. In the case of an exponential di
bution of trap states~exponential tails at the valence ban
edge!, the correlation betweenp0 and EA can be used to
obtain the tail parameter (Et(V)) and the density of state
at the valence band (NV). The values ofEt(V) and NV
are 0.0560.01 eV and 1021 eV21 cm23, respectively.
The value ofEt(V) ~50 meV! is significantly below E0

TiO2

~80 meV! which has been obtained from the spectral dep

s
FIG. 6. Arrhenius plot of detrapping times for holes of the TiO2

layer. The inset shows the correlation between the activation en
of the detrapping time andp0.

FIG. 7. Overview of the elementary processes of the trap limi
PV in case of preferential hole trapping in the metal oxide laye
9-4
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dent PV measurements. This difference is not surpris
since the spectral dependent PV measurement is sensiti
the combination of the exponential tails at the valence a
conduction bands whiletd is sensitive only to the exponen
tial tail at the valence band.

The pre-exponential parameter in Eq.~5! is given by the
effective density of states at the valence band (N0), the ther-
mal velocity of carriers (v th) and the trapping cross sectio
(s):(td

0)215s3N03v th . The experimentally obtained
value of (td

0)21 is 53108 s21. If taking a thermal velocity
of a hole with the free electron mass, one would obtain
capture cross section for holes in ultrathin layers of ano
TiO2 of the order of 3310218 cm2.

V. CONCLUSIONS

Trap limited PV is shown to be a general phenomenon
ultrathin metal oxides. Figure 7 summarizes the elemen
processes for the case of preferential hole trapping in
metal oxide. Excess electrons and holes are generated d
illumination with photon energyhn larger than the band ga
n

G
pl
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.

y

s.
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@Fig. 7~a!#. Excess electrons are injected into the metal s
strate and excess holes are preferentially trapped@Fig. 7~b!#.
This leads to the formation of the PV signal. The amount
trapped charge is limited by bimolecular recombination
high excitation intensities. At lower temperatures, the de
of the PV is determined by the overlap of the wave functio
for electrons (we) and holes (wh) resulting in the recombi-
nation of spatially separated excess carriers due to tunne
@Fig. 7~c!#. At higher temperatures, thermal emission acc
erates the relaxation of the PV signal@Fig. 7~d!#. This simple
model holds for ultrathin anodic TiO2 layers with dominating
hole traps. With respect to the elementary processes, the
limited PV can be applied to study electronic states in a
ultrathin semiconductor layer at a metal substrate.
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