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We report on relaxation of trapped photocarriers in the layered perovskite Nd2Ti 3O9 which contains a high
density of oxygen vacancies. It is shown that after termination of cw illumination a nonexponential relaxation
of photocreated carriers with an increasingly slow rate of decay is observed. This phenomenon, also named
persistent photoconductivity, only occurs when light is absorbed at the sample surface and under vacuum; in
the presence of air a very fast return to equilibrium is observed. Typical photocurrent (i p) decays recorded
after visible or uv excitation and their variations with temperature are reported. In all cases we found that the
instantaneous lifetime follows a power-law time dependence:t inst5 i p(t)/udip /dtu }ta (0,a,1), indicative
of dispersive behavior. Photocurrent decays could be fitted with great accuracy, for times up to 24 h, to a
stretched exponential relaxation law:i p(t)5 i p(0)exp2(t/t)b, with b5 12a. On this basis it is assumed that
randomly distributed oxygen vacancies acting as trapping centers for electrons are submitted to dispersive
diffusion, which thus controls carrier recombination. The distribution of localized states in the gap is discussed
in terms of a random distribution of oxygen vacancies. An Urbach-type edge between 2.20 and 2.75 eV below
Ec is revealed by the photocurrent excitation spectrum, whereas an exponential distribution of trapping centers
close toEc of width ; 60 meV is deduced from the temperature dependence ofb. The observed complex
variations of the relaxation timet with temperature and pressure are linked to the presence of chemisorbed
species in oxygen vacancies and rationalized in terms of oxygen coverage of the sample surface.

I. INTRODUCTION

For several years titanates adopting the perovskite struc-
ture have attracted interest as materials for applications in the
fields of catalysis and dielectric properties. In this structure,
the B-X6 octahedra share corners in the three crystallo-
graphic directions;B is a metal andX is an oxygen or
halogen atom@see Fig. 1~a!#. The layered perovskites
A2Nd2Ti 3O10 (A5 K or Na! are based upon this structural
feature. The same holds for the compound under study,
Nd2Ti 3O9 ~NTO!, which is obtained from K2Nd2Ti 3O10
by acid exchange followed by heating at 873 K. In Fig. 1~b!
and Fig. 1~c! are shown the structures of the titanates we are
interested in and their relationship to the perovskite structure.
The layers are constituted of three perovskite slabs and are
stacked one upon the other with a 1/2 gliding along two
directions. It should be noted that inA2Nd2Ti 3O10 (A5 K
or Na! the alkali metal occupies the interlayer site whereas
the rare earth is situated in the 12-fold coordinated intralayer
position. Nd2Ti 3O9 has a similar structure but con-
tains a high density of oxygen vacancies as compared to
K 2Nd2Ti 3O10. These vacancies are distributed on anionic
sites pointing towards the interlayer space. In addition, one-
third of the intralayer neodymium cations migrate to occupy
positions corresponding to two-thirds of the oxygen vacan-
cies. In a rather rough description one can consider that one-
half of the two oxygen atoms ofA2Nd2Ti 3O10 occupying all
anionic sites pointing towards the interlayer space have been
replaced by 2/3 Nd31 and 1/2 O22 vacancies statistically
distributed. Details on the structural characterization of these
materials were recently reported.1,2

Some layered perovskites have revealed interesting cata-
lytic or photocatalytic properties. This is the case of niobates
AA28Nb3O10, with A5 alkali metal andA85Ca or Pb,3,4 or
other metal cations Bi2O2(An21BnO3n11), with A5Ba, Pb,
or Sr andB5 Ti, Nb, or Ta.5 Photoexcitation of powder-
semiconductor–liquid systems has been extensively studied
in recent years aiming in particular at water depollution.6

Photocatalytic tests performed upon NTO showed that this
material has a weak activity as compared to the commonly
used TiO2 .

7,8 The redox reactions involved in heterogeneous
photocatalysis being quite dependent upon the surface prop-
erties of the powder photocatalyst, photoconductivity~PC!
studies were undertaken in order to obtain information on

FIG. 1. ~a! Perovskite structure, ~b! structure of
K 2Nd2Ti 3O10, and~c! structure of the oxygen-vacancy compound
Nd2Ti 3O9 .
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electron-hole creation, charge trapping, and recombination at
the surface, where the density of intrinsic defects due to oxy-
gen vacancies is quite large.

The most prominent feature of PC in this material is the
occurrence, after termination of illumination, of a nonexpo-
nential relaxation of photogenerated carriers with an increas-
ingly slow rate of decay. This excess nonequilibrium con-
ductance is often named ‘‘persistent photoconductivity’’
although dispersive photoconductivity seems more appropri-
ate; it has been observed in various semiconductors like
CdS:Ag:Cl,9 in the interface of AlxGa12xAs-GaAs,

10 and in
the organic conducting polymer polyparaphenylene-
vinylene.11 More generally, nonexponential relaxation has
been observed in many physical systems such as, for ex-
ample, dielectric relaxation in glassy media,12 strain recovery
in polymers,13 or relaxation in the electronic properties of
amorphous hydrogenated silicon.14 Relaxation toward equi-
librium in disordered media is often described by the so-
called stretched exponential decay~Kolhrausch’s law!:

f~ t !5f~0!exp2S tt D b

~1.1!

where 0,b,1. Equation~1.1! was found to be quite gen-
eral and was successfully applied to a variety of experimen-
tal data.15

In this paper we show that photocreated carriers in NTO
decay with an instantaneous lifetime obeying a power-law
time dependence and that their decay kinetics is accurately
fitted to Eq.~1.1! for very long time periods at various tem-
peratures. It is shown that these features are characteristic of
photons absorbed at the sample surface. Assuming that car-
riers are trapped into oxygen vacancies, we established a
model based on the dispersive diffusion of vacancies which
leads to Eq.~1.1!. The temperature dependence of the expo-
nentb is reported and discussed together with the influence
of chemisorbed oxygen on the variations of the relaxation
time t with temperature.

II. EXPERIMENT

The precursor of NTO, K2Nd2Ti 3O10, was prepared by
conventional solid state methods. Dry Nd2O3 ~preheated at
1173 K!, TiO2 ~anatase!, and potassium nitrate in molar pro-
portions 1:3:2.4 were ground and pressed to form a pellet
and fired in a platinum crucible in air at 1273 K for 1 day.
Acid exchange was achieved at room temperature in an
aqueous solution. K2Nd2Ti 3O10 was immersed in a 100-
fold excess~by weight! of 1M HNO3 for 4 days. The result-
ing product was retrieved by several cycles of centrifugation,
and washed with distilled water and acetone before drying
under vacuum. The oxygen-vacancy compound NTO was
obtained by firing the exchanged phase at 873 K for 6 h.1,8 In
order to test reproducibility two batches of NTO were sepa-
rately synthesized, from which samples 1 and 2 were pre-
pared.

Optical absorption spectra of NTO and K2Nd2Ti 3O10
were measured by dispersing the powder materials into KBr
to form pellets. For photoconductivity measurements pow-
derlike NTO samples were pressed under about 50 bars for 2
min and then annealed in air at 873 K for 6 h to increase
compactness. The obtained pellets are; 3 mm thick with

o.d.; 8 mm. Surface gold strips with a 2 mminterelectrode
spacing were evaporated and contacted to the external circuit
with an Ag-loaded epoxy resin. Ohmicity was checked up to
a field of 103 V cm21. Measurements on sample 1 were
made in a stainless cell which could be evacuated to a pres-
sure of 531026 mbar. In contrast, measurements on sample
2 were made in an Oxford cryostat which allowed a much
lower pressure of; 1027 mbar to be reached.

Measurements of the PC decay kinetics were made under
cw conditions using a Spectra Physics argon laser. Measure-
ments on sample 1 were made by illuminating with the 457.9
nm line whereas those on sample 2 were made by illuminat-
ing with the mid-uv lines~333.6–363.8 nm!, the light power
falling on the interelectrode spacing~238 mm! being of the
order of 6mW cm22. As shown below, under cw illumina-
tion, the photocurrent buildup does not reach steady state
even after many hours~see Fig. 5! and as anticipated we
found that the PC decay kinetics depends upon duration of
the illumination period. In what follows the samples were
irradiated for 3 h; at the end of this period the photocurrent
to dark ratio is; 104 and the buildup rate has slowed down
to; 10212 A min21. Photoexcitation spectra were recorded
by illuminating with a constant monochromatic photon flux
emerging from a xenon-lamp–monochromator setup, moni-
tored by a Photodyne XLA radiometer. Standard electrom-
eter, lock-in amplifier, and computer equipment were used
for measuring the photocurrent. Before measurements the
samples were heated at 453 K under vacuum for 12 h to
remove adsorbed water.

III. RESULTS

A. Main features of photoconductivity

Under an electric field of 103 V cm21 at room tempera-
ture a dark current of; 10213 A was measured. In Fig. 2 is
shown the temperature dependence of the dark current in the
range 290–415 K; an activation energy of 0.40 eV was mea-
sured. The temperature dependence of the photocurrenti p
measured when illuminating at 457.9 nm is also shown in
Fig. 2. i p is thermally activated with an energy of 0.10 eV.
The photon flux dependence ofi p ,

FIG. 2. Temperature dependence of the dark current~open tri-
angles! and of the photocurrent~open circles! in sample 1 (lexc5
457.9 nm!.
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i p}Fg, ~3.1!

was measured at room temperature yieldingg5 0.72 at
457.9 nm. In Fig. 3 is shown a semilogarithmic plot of the
photocurrent excitation spectra in NTO measured at constant
incident flux. Some steady state measurements could be
made in the energy range 1.25–2.10 eV. As discussed in Sec.
III B, at energies higher than about 2.10 eV steady state is
not reached after many hours and the photocurrent response
could not be accurately measured. Therefore we recorded the
photocurrent intensity at a fixed delay time after the begin-
ning of illumination. As seen in Fig. 3 when normalized both
sets of measurements are similar, showing that the photocur-
rent threshold is located at; 1.25 eV. It is interesting to
compare the photoexcitation spectra with the absorption
spectrum of the dispersed material into KBr pellets~Fig. 4!.
A wide absorption band extending from 200 to 380 nm,
which may be attributed to the TiO6 octahedra structure, is
observed with an absorption edge which allows one to esti-

mate an optical gap of the order of 3 eV, close to the energy
gap of rutile, 3.01–3.05 eV.16 Between 400 and 800 nm sev-
eral maxima are observed which are attributed to electronic
transitions between the 4f orbitals of neodymium,17 yielding
a flat spectrum up to at least 800 nm in contrast with the
excitation spectrum.

B. Photocurrent decay

The main feature of PC is the very slow buildup and
decay kinetics observed when illuminating with uv or visible
light under vacuum. A typical example is shown in Fig. 5: a
sluggish buildup is obtained under excitation with the
mid-uv lines~333.6–363.8 nm! of an argon laser and steady
state is not reached after many hours. When light is turned
off an increasingly slower decay takes place. In contrast, we
observed that PC decay kinetics depends upon the surface
environment, as shown in Fig. 5. If during the slow decayin
vacuo, air is allowed to flow into the cell, a very fast decay
and return to equilibrium are obtained. The influence of the
gas contacting the sample surface will be discussed in Sec.
IV. All of the experiments to be described were carried out
under vacuum. PC buildup and decay kinetics were found to
depend not only upon temperature and light power as usual,
but also upon the light wavelength. This is illustrated in the
inset in Fig. 5. When illuminating at room temperature with
the low power 1000–600 nm light emerging from a Xe-
lamp–monochromator setup, steady state is reached within a
few minutes. When the light wavelength is decreased the
time required to reach steady state is increasingly longer and
when illuminating with the high power Ar laser mid-uv lines,

FIG. 3. Semilog plot of the photocurrent excitation spectrum at
300 K and at constant incident photon fluence. Open triangles:
steady state measurements; open circles: measurements made after
a fixed delay time of 10 min. Data are normalized at 1.88 eV.

FIG. 4. Optical absorption spectra of NTO~curve a) and
K 2Nd2Ti 3O10 ~curveb) powders dispersed into KBr pellets.

FIG. 5. Photocurrent buildup and decay in sample 2 under
vacuum ~333.6 ,lexc, 363.8 nm!. A very slow decay follows
termination of illumination. If air is allowed to flow into the cell a
quite fast decay and return to equilibrium are observed. Inset shows
the wavelength dependence of the buildup and decay kinetics of
photocarriers in NTO illuminated under vacuum for a period of 10
min. Steady state is reached within some minutes when 600
,lexc, 1000 nm. Atlexc, 600 nm the buildup and decay are
increasingly longer.
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a very slow photoconductivity decay was observed for at
least 24 h without return to thermal equilibrium. So it may be
concluded that slow relaxation is observed at short wave-
length, i.e., when light is absorbed at the sample surface.

Sheinkmanet al.9 reviewed PC in inhomogeneous semi-
conductors and suggested a barrier model based upon the
idea that the electric field due to inhomogeneities creates a
recombination barrier which hinders recombination and a
drift barrier which hinders current flow. The model predicts
that the instantaneous lifetime defined by

t inst5
i p~ t !

udip~ t !/dtu
~3.2!

is a linear function of time. We analyzed our data along these
lines but found instead a power-law time dependence:t inst
} ta, 0,a,1, characteristic of dispersive behavior. Typical
examples are shown in Fig. 6 for both samples. As seen, in
spite of data scattering at long time due to inaccurate deriva-
tion, log-log plots oft inst as a function of time can be fitted
with reasonable accurary to a power law on a time period of
the order of 2–3 h; at longer times the photocurrent decay is
too slow to yield accurate data. This time dependence was

checked under different conditions by varying temperature
between 298 and 450 K and light power in both samples.

The photocurrent decay can be fitted to the stretched ex-
ponential relaxation law@Eq. ~1.1!# which applied to the pho-
tocurrent is written as:

i p~ t !5 i p~0!exp2S tt D b

~3.3!

wheret is the relaxation time.
In Fig. 7 are shown typical log-log plots of the PC decay

at various temperatures. In most cases the decay kinetics was
measured on a time period of the order of 104 s. As seen,
quite good fits were obtained. In one case the decay record-
ing at 309 K was extended up to 24 h yielding a very good fit
also ~see inset in Fig. 7!. In all cases we found that the
relationa1b5 1 is fairly well obeyed~see caption of Fig.
7!. The temperature dependence of the exponentb, mea-
sured under constant light power, was studied in samples 1
and 2. In both specimensb depends linearly upon tempera-
ture, extrapolating close to 0 at 0 K:b5T/T0 ~Fig. 8!, the
slope yieldingT05 720 and 656 K for samples 1 and 2,
respectively. We recall that sample 1 was illuminated at

FIG. 6. Time dependence of the instantaneous lifetimet inst5 i p /u(dip /dt)u. Data were multiplied or divided by 10 as indicated for
clarity. ~a! Sample 1 (lexc5 457.9 nm!. Open circles: 298 K, full laser power,a5 0.546; open triangles: 393 K, full power,a5 0.433; open
squares: 298 K, at 0.25 power,a5 0.539.~b! Sample 2~333.6,lexc, 363.8 nm!. Open circles: 309 K, full laser power,a5 0.628; open
triangles: 368 K, full power,a5 0.482; open squares: 298 K, at 0.25 power,a5 0.411.
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457.9 nm whereas sample 2 was illuminated in the mid-uv
range~333.6–363.8 nm!. As shown above~Fig. 5! the PC
decay is profoundly affected when the photon energy is
changed. Nevertheless, close values forT0 are obtained, re-
vealing a genuine material property. In Fig. 9 we present a
semilogarithmic plot of the variations of the relaxation time
t as a function of reciprocal temperature. As seen, the varia-
tions are quite complex. Whereas an activated behavior is
anticipated, we observed either small variations~sample 1!
or the appearance of a pseudoplateau around room tempera-
ture ~sample 2!. This observation, which we relate to the
presence of chemisorbed oxygen in oxygen vacancies, will
be discussed in the next section.

IV. DISCUSSION

Analysis of PC and of its dispersive behavior in NTO may
be summarized as follows.

~i! The threshold for photocarrier generation is smaller
than the band gap energy measured by optical absorption.

~ii ! The relaxation rate of photoexcited carriers depends
upon the light penetration depth so that PC characterizes
surface excitation.

~iii ! PC decay unambiguously follows the stretched expo-
nential relaxation law for several hours.

FIG. 7. Log-log plots of the normalized photocurrent decays at various temperatures in sample 2~333.6,lexc, 363.8 nm!. The solid
lines are the fits to Eq.~3.3!, 95% of the data points being removed for clarity. The followingb andt values were extracted:b5 0.529,
0.524, 0.587, and 0.598;t5 41643, 16610, 4753, and 958 s atT5347, 368, 390, and 411 K, respectively. We find, respectively,
a1b5 1.012, 1.006, 1.016, and 0.982. Inset: decay kinetics of the normalized photocurrent measured at 309 K during 24 h~333.6
,lexc, 363.8 nm!. The solid line is the fit to Eq.~3.3! and the open circles are experimental data, 95% of the data points being removed
for clarity. b5 0.431,t5 77656 s, anda1b5 1.059.

FIG. 8. Temperature dependence of the exponentb in Eq. ~3.3!:
b5T/T0 . Closed triangles: sample 1,T05 720 K; open circles:
sample 2,T05 656 K. The linear fits extrapolate at 0.0035 and
0.0018 at 0 K for specimens 1 and 2, respectively.
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~iv! The exponentb depends linearly upon temperature.
~v! The complex variations of the relaxation timet with

temperature and pressure very likely may be related to
chemisorbed oxygen atoms at the sample surface.

In order to introduce discussion several features deduced
from structural studies should be taken into account. First,
this material contains a high density of oxygen vacancies of
about 5.631023 Å 23 corresponding to two vacancies per
unit cell.8 It should be noted that this figure is purely indica-
tive, because oxygen vacancies are not homogeneously dis-
tributed in the crystal volume but remain located in the in-
terlayer space@see Fig. 1~c!#. Second, it has been shown1,8

that some disorder occurs during the acid exchange process,
which is retained in NTO; but the basic layered crystal struc-
ture is preserved. Therefore amorphicity cannot account for
the observed dispersive behavior of the instantaneous life-
time and of the stretched exponential relaxation law describ-
ing PC decay. We suggest instead that oxygen vacancies are
randomly distributed at the surface of crystallites, giving rise
to trapping centers in the gap.

Strong support to the existence of localized gap states
comes from recent theoretical work on the influence of oxy-
gen vacancies on the density of states~DOS! in TiO2 .

18–20

These authors studied the effect of including 0%, 1%, 5%,
and 10% oxygen vacancies at randomly selected sites. The
authors found that a tail of donor states below the conduction
band, extending a few tenths of an eV, grows with vacancy
concentration in agreement with experimental reports.21

These states are localized and are playing the role of trapping
centers. They examined both the bulk and the surface DOS
and found the same results. In spite of the structural differ-
ences between rutile TiO2 and the investigated layered per-
ovskite, it may be expected that the gross features of the
DOS upon incorporation of oxygen vacancies remain the
same.

As shown above~Fig. 3! the threshold for photocarrier
generation is about 1.75 eV smaller than the 3 eV band gap
indicated by optical absorption data. This energy difference

suggests that there is a large DOS in the gap, the distribution
of which is an important issue which has bearing on photo-
carrier transport. Information about the energy distribution of
subgap states may be obtained by calculating the energy de-
pendence of the absorption coefficienta(hn) from the pho-
tocurrent excitation spectrumi p(hn). This technique is
widely used in the field of amorphous semiconductors, e.g.,
a-Si:H.22–24 Indeed, the empirical photon flux dependence,
Eq. ~3.1!, may be generalized to

i p}~aF!g ~4.1!

so that experimental data are normalized as a function of
photon energy:

a~hn!5a~hn0!
F~hn0!

F~hn! F i p~hn!

i p~hn0!
G1/g. ~4.2!

hn0 is some reference energy wherea~hn0) is known from
optical absorption measurements andi p~hn0) is the corre-
sponding photocurrent. It should be noted that accurate quan-
titative data are only obtained if several conditions are met,23

in particular:
~i! uniform electron-hole generation;
~ii ! only one type of carrier contributes to the photocur-

rent;
~iii ! the power-law dependence ofi p does not depend

upon photon energy.
In the case at hand the photocurrent excitation spectrum

was measured at constant incident photon fluence. As the
exact value ofa(hn0) is unknown the ratioa(hn)/a(hn0)
was calculated from Eq.~4.2!. The semilogarithmic plot in
Fig. 10 shows that between 2.20 and 2.75 eV
a(hn)/a(hn0) exponentially decays over about two orders
of magnitude, demonstrating the existence of an Urbach-type
edge:

a~hn0!5a0expS hn

E0
D . ~4.3!

The slope allows measurement of a width; 120 meV. It
should be emphasized that this value is indicative only, most
of the conditions required to reach quantitative data remain-
ing to be checked@except~iii !#. In addition, as stated in Sec.
III A, i p(hn) was measured after a fixed delay time follow-
ing illumination; consequently, when the photon energy is
increased both the carrier density and the response/relaxation
time increase. Therefore we simply conclude the existence of
an apparently broad exponential absorption edge located
deep in the gap, close to the valence band, whose origin
might be the random energy distribution of oxygen vacancies
at the crystallite surface. Clearly, accurate meaningful infor-
mation would come if a NTO single crystal with well-
defined and controlled surface was available. Unfortunately
the growth of such crystals remains a nontrivial task.

We proceed by examining the lower energy region (hn
& 2.2 eV! where a broad shoulder is observed. When the
exponential absorption edge contribution is subtracted an ab-
sorption band extending from; 2.3 to 1.2 eV peaking at
; 2 eV is seen, which is likely due to extrinsic absorption.
Indeed, a peak at 1.98 eV has been found in the PC spectrum
of a TiO2 single crystal, which was attributed to iron

FIG. 9. Temperature dependence of the relaxation timet. Solid
circles: sample 1~partial pressure 531026 mbar!; open circles:
sample 2~partial pressure; 1027 mbar!. The difference between
specimen 1 and specimen 2 is the ultimate vacuum which leads to a
different coverage of the surface by chemisorbed oxygen atoms.
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impurity.25 Introduction of such an impurity during synthesis
of the NTO precursor~see Sec. II! is plausible. This peak
would result from electron excitation from the Fe31 level.

Insight into the qualitative picture of recombination in
NTO may be gained from the observed temperature depen-
dence of the relaxation timet ~Fig. 9!. Indeed, we cannot
ignore the influence of the ever-present residual gases O2,
H2O, and CO2 in the measurement cell when working at a
pressure of 531026 mbar ~sample 1! or ; 1027 mbar
~sample 2!. t should be strongly dependent upon the density
of chemisorbed species in oxygen vacancies. This point is
substantiated by the simple experiment described in Fig. 5:
when air is introduced into the cell during the photocurrent
decay the relaxation rate of photocarriers gets much faster.
As oxygen coverage of the surface depends upon tempera-
ture and pressure, the variations oft with temperature cannot
follow the anticipated activated behavior:

t5t0expSE*kTD ~4.4!

which would characterize a ‘‘clean’’ surface, i.e., free of
chemisorbed oxygen and other species. Working in UHV
and at high temperature might perhaps allow one to obtain a
‘‘clean’’ surface. The trend in Fig. 9 agrees with such a
statement. Whereas the temperature dependence oft in
sample 1, which was studied at 531026 mbar, is not or
weakly thermally activated, that of the sample 2, studied at
; 1027 mbar, can be roughly fitted between 390 and 450 K
to Eq. ~4.4!, yielding an apparent activation energy of 0.9
eV. We emphasize that this is a lower limit. Nevertheless,
such a large value suggests that diffusion of oxygen vacan-
cies is very likely the physical process underlying dispersive
photoconductivity. This is why we put forward the simple

qualitative model depicted in Fig. 11. Oxygen vacancies are
randomly distributed at the surface of the NTO crystallites
and are submitted to a temperature-dependent diffusion
mechanism. When light is applied electron-hole pairs are
created and electrons get trapped into vacancies. A trapped
electron pauses until a nearby vacancy is formed due to the
jump of an oxygen atom. It then makes a step biased by the
electric field. It thus moves by a succession of steps and
pauses until recombination.

With this picture in hand and in order to reach a quanti-
tative model, we start by briefly reviewing the basic features
of charge transport in disorded media. It is characterized by
two phenomena. The first one is dispersive transport ob-
served in semiconductors like As2Se3 ~Ref. 26! and amor-
phous hydrogenated silicon.27 In these materials the drift mo-
bility exhibits a power-law dependence,mD} t2a, which
was explained by Scher and Montroll28 on the basis of the
continuous time random walk model. The latter assumes that
each carrier undergoes a random walk, composed of alternat-
ing steps and pauses, biased in the direction of the applied
field with a pausing-time distributionC(t)} t2(11b), b5 1
2a. Dispersion is due to the existence of an exponential
energy distribution of traps below the conduction band edge:
exp(2E/kT0) where the widthkT0 is related to the disper-
sion parameter 12a5T/T0 . An alternative model proposed
by Palmer, Stein, Abrahams, and Anderson,29 who postu-
lated a serial interpretation where the path to equilibrium
involves many sequential correlated activation steps, leads to
a time-dependent relaxation ratek(t) in the rate equation

dn~ t !

dt
52k~ t !n~ t ! ~4.5!

wheren(t) is the density of photogenerated carriers.
The second characteristic of disordered media is the slow

relaxation toward equilibrium described by a stretched expo-
nential function@Eq. ~1.1!#. Shlesinger and Montroll30 stud-
ied this problem in the case of frozen dipoles in polymeric
systems. They demonstrated that if the defects move in a
continuous-time random walk and if the pausing-time distri-
bution has a power-law time dependence, then relaxation has
the form of a stretched exponential function. On this basis
Kakalioset al.14 studied relaxation of the electronic proper-

FIG. 10. Semilog plot of the ratioa(hn)/a(hn0) ~open squares!
calculated from Eq.~4.2! and the photocurrent excitation spectrum
~open circles in Fig. 3! with hn05 3.1 eV andg5 0.7. The solid
line is the fit to Eq.~4.3!. Inset: open circles: absorption in the low
energy region obtained by subtracting the contribution of the expo-
nential absorption edge; crosses: low energy data obtained in steady
state~Fig. 3!.

FIG. 11. Model of the relaxation of trapped electrons. An elec-
tron is trapped into the vacancyV1 until a nearby oxygen O1 dif-
fuses intoV2 . The electron then makes a step into the newly

formed vacancy, biased by the applied fieldEW . The pause and step
process is repeated until recombination.
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ties of doped amorphous hydrogenated silicon and showed
that dispersive diffusion of bonded hydrogen atoms induces
relaxation of localized states, the functional form of which is
well described by a stretched exponential law.

In the case at hand we assume that in NTO the jump of
oxygen atoms into vacancies is submitted to a dispersive
diffusion mechanism. Differences in the local environment
generate a distribution of release times leading to a time-
dependent diffusion coefficent

Dv5D0~vt !2a ~4.6!

wherev is the attempt to hop frequency of oxygen atoms
andD0 is the temperature-dependent microscopic diffusion
constant. In Eqs.~4.6! we use a formulation similar to that
used and demonstrated by Kakalios14 in the case of the jump
of hydrogen atoms in amorphous hydrogenated silicon. If in
the rate equation~4.5! we write the time-dependent constant
as

k~ t !5
D0~vt !2a

a2
, ~4.7!

where we introduce the hopping distancea, it is seen that the
instantaneous lifetime has a power-law time dependence:

t inst5
a2va

D0
ta ~4.8!

as experimentally observed. Now integration of Eq.~4.5! us-
ing Eq. ~4.7! immediately yields the stretched exponential
functional form Eq.~1.1!. So the stretched exponential relax-
ation law directly follows from the assumed dispersive dif-
fusion of oxygen atoms.

We assumed above that the exponential absorption edge
between 2.20 and 2.75 eV is due to the random distribution
of oxygen vacancies. For the same reason we may assume
that localized states below the conduction band edge are ex-
ponentially tailing. If so the continuous time random walk
model15 predicts that the dispersion parameter increases lin-
early with temperature:b5T/T0 . Such a behavior is ob-
served in Fig. 8 and we may conclude that trapping centers
in NTO are exponentially distributed with a widthkT0; 60
meV.

A last point remains to be discussed which concerns the
complex variations of the relaxation time with temperature.
Integration of the rate equation~4.5! with a time-dependent
rate constant allows one to obtain

t5
1

v
expFkT0kT

ln
a2bv

D0
G , ~4.9!

which shows thatt is expected to be thermally activated
with an activation energy

Et5kT0lnS a2bv

D0
D ~4.10!

in contrast with experimental observations~Fig. 9!. As said
before, we interpret these data as being the signature of
chemisorbed oxygen at the sample surface. Therefore we

take into account the coverageu of the surface by residual
oxygen, which as qualitatively shown above is temperature
and pressure dependent:

u~T,P!5
Nocc

Ntot
~4.11!

where 0,u,1,Nocc is the density per surface unit of vacan-
cies containing chemisorbed species, andNtot is the density
per surface unit of vacancies for a ‘‘clean’’ surface, i.e., free
of chemisorbed species. Under these conditions the rate con-
stant is written as

k~ t !5u
D0~vt !2a

a2
, ~4.12!

which after integration of Eq.~4.5! leads to a temperature-
and pressure-dependent activation energy:

Et~T,P!5kT0lnS a2bv

uD0
D . ~4.13!

Equation~4.13! shows that whenT is decreased orP is
increased,u increases andEt decreases in qualitative agree-
ment with experiment. It should be noted that preliminary
results on the pressure dependence of PC relaxation bring
support to the assumption made above:k(t)} u.31 Now, as
in the case of TiO2~110! for which it was shown that desorp-
tion of chemisorbed gases like O2, CO2, CO, and H2 is
thermally activated,32 we write

Nocc5N0expSEdes

kT D ~4.14!

and write the microscopic diffusion constant as

D05D* exp2SED

kTD . ~4.15!

Combining Eqs.~4.11!, ~4.14!, and~4.15! we obtain

uD05D*
N0

Ntot
expSEdes2ED

kT D , ~4.16!

a quantity which may be deduced from experimental data,
namely, from the power-law fits~Fig. 6! of t inst which now
reads

t inst5
a2va

uD0
ta. ~4.17!

Takingv5 1013 s21 anda54 Å, we obtained the results
presented in Fig. 12 where log10uD0 is plotted as a function
of reciprocal temperature. In spite of data scattering it is seen
that in agreement with Eq.~4.16! uD0 follows a temperature-
activated law with an activation energy of 0.59 eV for
sample 1~partial pressure 531026 mbar! and 0.62 eV for
sample 2~partial pressure; 1027 mbar!. So we find that the
activation energy of desorption of chemisorbed oxygen is
larger than the diffusion constant of oxygen vacancies. This
result is in agreement with the measured desorption

10 648 53DULIEU, BULLOT, WÉRY, RICHARD, AND BROHAN



activation energyEdes5 94 kJ mol21 of oxygen chemi-
sorbed on TiO2 ,

32 which was found to be larger than the
diffusion constantED5 60 kJ mol21 of oxygen vacancies in
TiO2 .

33 In Fig. 12 we note that the preexponential factor

D*N0 /Ntot is about four times larger in sample 1 than in
sample 2 showing thatN0 increases with the partial pressure
in the measurement cell.

V. CONCLUSION

The layered perovskite Nd2Ti 3O9 is characterized by a
large surface density of randomly distributed oxygen vacan-
cies which govern charge carrier transport. Assuming that
dispersive diffusion of vacancies triggers relaxation of local-
ized states in the gap, we can explain the dispersive behavior
of the photoconductivity instantaneous lifetime and the func-
tional form of the slow decay of photogenerated carriers after
termination of illumination. Analysis of the photoconductiv-
ity excitation spectrum reveals the existence of an Urbach
edge close to the valence band and of an unidentified defect
below midgap. The temperature dependence of the exponent
b characterizing the stretched exponential decay of photocar-
riers shows that a band tail of localized states, acting as
trapping centers, is exponentially distributed below the con-
duction band edge. In order to reach a more complete under-
standing of the dynamics of photocreated carriers in this ma-
terial, transient photoconductivity measurements will be
undertaken in the near future.

The relaxation time characterizing recombination of pho-
tocarriers is strongly dependent upon coverage of the surface
by chemisorbed oxygen atoms. To give account of the gross
features of its variation with temperature and residual pres-
sure, we assumed that the time-dependent rate constant is
proportional to the density of chemisorbed oxygen atoms
moving into vacancies. Pressure-dependent studies which are
expected to bring support to this assumption are under way.
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