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Dispersive photoconductivity in the layered perovskite NdTi3;Oq

Bertrand Dulieu, Jacques Bullot, and Janyiwe
Laboratoire de Physique Cristalline, Institut des Mad®ix de Nantes, 2 rue de la Houssirée 44072 Nantes Cedex 03, France

Mireille Richard and Luc Brohan
Laboratoire de Chimie des Solides, Institut des aiex de Nantes, 2 rue de la Houssirée 44072 Nantes Cedex 03, France
(Received 31 May 1995; revised manuscript received 29 November 1995

We report on relaxation of trapped photocarriers in the layered perovskif€ijdgy 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 photocuiggrdecays 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 dependengg= ip(t)/|dip/dt| xt* (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 laiy(t) =i p(O)exp—(t/r)'g, with 8= 1—a. 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
E. is revealed by the photocurrent excitation spectrum, whereas an exponential distribution of trapping centers
close toE; of width ~ 60 meV is deduced from the temperature dependeng@. athe observed complex
variations of the relaxation time 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.

[. INTRODUCTION Some layered perovskites have revealed interesting cata-
Iytic or photocatalytic properties. This is the case of niobates
For several years titanates adopting the perovskite strudAA;Nb;044, with A= alkali metal andA’ =Ca or Pb>* or
ture have attracted interest as materials for applications in thether metal cations BO,(A,,_1B,03,+ 1), With A=Ba, Pb,
fields of catalysis and dielectric properties. In this structurepr Sr andB= Ti, Nb, or Ta® Photoexcitation of powder-
the B-Xg octahedra share corners in the three crystallosemiconductor—liquid systems has been extensively studied
graphic directions;B is a metal andX is an oxygen or in recent years aiming in particular at water depollufion.
halogen atom[see Fig. 1a)]. The layered perovskites Photocatalytic tests performed upon NTO showed that this
A,Nd,Tiz040 (A= K or Na) are based upon this structural material has a weak activity as compared to the commonly
feature. The same holds for the compound under studysed TiO,.”® The redox reactions involved in heterogeneous
Nd,Ti;O4 (NTO), which is obtained from KNd,Ti;O,,  photocatalysis being quite dependent upon the surface prop-
by acid exchange followed by heating at 873 K. In Fi¢h)1l erties of the powder photocatalyst, photoconductiviC)
and Fig. 1c) are shown the structures of the titanates we arestudies were undertaken in order to obtain information on
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 ALNd,TizO49 (A= K
or Na) the alkali metal occupies the interlayer site whereas !
the rare earth is situated in the 12-fold coordinated intralayer y
position. Nd,TizgOg has a similar structure but con-
tains a high density of oxygen vacancies as compared to
K,Nd,Tiz049. These vacancies are distributed on anionic

\V4 -
sites pointing towards the interlayer space. In addition, one- 4;, ST N O
third of the intralayer neodymium cations migrate to occupy XD K
positions corresponding to two-thirds of the oxygen vacan- 4904904?
cies. In a rather rough description one can consider that one-
half of the two oxygen atoms &,Nd,Ti 30, occupying all a) b) ©)

anionic sites pointing towards the interlayer space have been

replaced by 2/3 N&" and 1/2 G~ vacancies statistically ~ FIG. 1. (a) Perovskite structure, (b) structure of
distributed. Details on the structural characterization of thes& ,Nd,Ti;0,,, and(c) structure of the oxygen-vacancy compound
materials were recently reportéd. Nd,Ti3Oq.
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electron-hole creation, charge trapping, and recombination at 10°
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:CI? in the interface of AJGa; _,As-GaAs® and in
the organic conducting polymer polyparaphenylene-
vinylene!! More generally, nonexponential relaxation has
been observed in many physical systems such as, for ex-
ample, dielectric relaxation in glassy medfastrain recovery 1000/T (K'Y
in polymers®® or relaxation in the electronic properties of
amorphous hydrogenated silicthRelaxation toward equi- FIG. 2. Temperature dependence of the dark curfepen tri-
librium in disordered media is often described by the so-angles and of the photocurrertopen circlesin sample 1 K g=
called stretched exponential dedd§olhrausch’s lawy. 457.9 nm).

0" L

Current (A)

1012

2.4 2.8 32 3.6

1 p (1.1) 0.d. ~ 8 mm. Surface gold strips wita 2 mminterelectrode
T ' spacing were evaporated and contacted to the external circuit

: . with an Ag-loaded epoxy resin. Ohmicity was checked up to
where 0<g<1. Equation(1.1) was found to be quite gen- g4 o1 vy em 1. Measurements on sample 1 were

gla(lj::ﬁf)was successfully applied to a variety of EXPENMENG, ade in a stainless cell which could be evacuated to a pres-

-6
In this paper we show that photocreated carriers in NTGUre of 5¢10* mbar. In contrast, measurements on sample

: . e . were made in an Oxford cryostat which allowed a much
decay with an instantaneous lifetime obeying a power-IaV\‘

2
. ; S wer pressure of- 10”7 mbar to be reached.
time dependence and that their decay kinetics is accurate? Measurements of the PC decay kinetics were made under

fitted to Eq.(1.1) for very long time periods at various tem- conditions using a Spectra Phvsics arqon laser. Measure-
peratures. It is shown that these features are characteristic o 9 P y arge "y
ents on sample 1 were made by illuminating with the 457.9

photons absorbed at the sample surface. Assuming that car

: : : : m line whereas those on sample 2 were made by illuminat-
riers are trapped into oxygen vacancies, we established fm in : . .
model based on the dispersive diffusion of vacancies whic Ng with the mid-uv line<333.6-363.8 nm the light power

leads to Eq(1.1). The temperature dependence of the expo—alling on the interelectrode spacingx8 mm) being of the

72 . . _
nentB is reported and discussed together with the influenc%rder of 6 W cm*. As shown below, under cw illumina

of chemisorbed oxygen on the variations of the relaxation ththfet ;r)h;tor::urrr]entré)undg? dgesngot reiﬁristiagywstate
time 7 with temperature. even afler many hourssee Fig. » 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

The precursor of NTO, KNd,Ti;0,,, was prepared by to0 dark ratio is~ 10* and the buildup rate has slowed down
conventional solid state methods. Dry j@, (preheated at to ~ 10~ *? Amin ~*. Photoexcitation spectra were recorded
1173 K), TiO, (anatasg and potassium nitrate in molar pro- by |Ilum|nat|ng with a constant monochromatic photon flux_
portions 1:3:2.4 were ground and pressed to form a pellegmerging from a xenon-lamp—monochromator setup, moni-
and fired in a platinum crucible in air at 1273 K for 1 day. tored by a Photodyne XLA radiometer. Standard electrom-
Acid exchange was achieved at room temperature in after, lock-in amplifier, and computer equipment were used
aqueous solution. KNd,Ti;O;, was immersed in a 100- for measuring the photocurrent. Before measurements the
fold excesgby weigh of 1M HNO, for 4 days. The result- samples were heated at 453 K under vacuum for 12 h to
ing product was retrieved by several cycles of centrifugationfémove adsorbed water.
and washed with distilled water and acetone before drying
under vacuum. The oxygen-vacancy compound NTO was . RESULTS
obtained by firing the exchanged phase at 873 K for'6
order to test reproducibility two batches of NTO were sepa-
rately synthesized, from which samples 1 and 2 were pre- Under an electric field of 1V cm ™! at room tempera-
pared. ture a dark current of 10~ A was measured. In Fig. 2 is

Optical absorption spectra of NTO and,Kd,Ti;O,, shown the temperature dependence of the dark current in the
were measured by dispersing the powder materials into KBrange 290—-415 K; an activation energy of 0.40 eV was mea-
to form pellets. For photoconductivity measurements powsured. The temperature dependence of the photocurgent
derlike NTO samples were pressed under about 50 bars foreasured when illuminating at 457.9 nm is also shown in
min and then annealed in air at 873 Krfé h toincrease Fig. 2.i, is thermally activated with an energy of 0.10 eV.
compactness. The obtained pellets are3 mm thick with ~ The photon flux dependence i,

#(t)=¢(0)exp—

Il. EXPERIMENT

A. Main features of photoconductivity
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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 aftef!G. 5. Photocurrent buildup and decay in sample 2 under

a fixed delay time of 10 min. Data are normalized at 1.88 eV. ~ vacuum(333.6 <Ae< 363.8 nm. A very slow decay follows
termination of illumination. If air is allowed to flow into the cell a

i (3.1) quite fast decay and return to equilibrium are observed. Inset shows
P ' the wavelength dependence of the buildup and decay kinetics of
was measured at room temperature yieldipg 0.72 at  photocarriers in NTO illuminated under vacuum for a period of 10
457.9 nm. In Fig. 3 is shown a semilogarithmic plot of the min. Steady state is reached within some minutes when 600
photocurrent excitation spectra in NTO measured at constartXexc< 1000 nm. At\¢,< 600 nm the buildup and decay are
incident flux. Some steady state measurements could bgcreasingly longer.
made in the energy range 1.25-2.10 eV. As discussed in Sec. ]
Il B, at energies higher than about 2.10 eV steady state i§'ate an optical gap of the order of 3 eV, close to the energy
not reached after many hours and the photocurrent respon§@P of rutile, 3.01-3.05 eV2 Between 400 and 800 nm sev-
could not be accurately measured. Therefore we recorded ttf&al maxima are observed which are attributed to electronic
photocurrent intensity at a fixed delay time after the beginiransitions between thef 4rbitals of neodymiunt, yielding
ning of illumination. As seen in Fig. 3 when normalized both @ flat spectrum up to at least 800 nm in contrast with the
sets of measurements are similar, showing that the photocu@Xcitation spectrum.
rent threshold is located at 1.25 eV. It is interesting to
compare the photoexcitation spectra with the absorption B. Photocurrent decay
spectrum of the dispersed material into KBr pellgt. 4).
A wide absorption band extending from 200 to 380 nm
which may be attributed to the TiQoctahedra structure, is
observed with an absorption edge which allows one to esti

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 nmof an argon laser and steady

-~ eV state is not reached after many hours. When light is turned
60 50 40 3.0 20 off an increasingly slower decay takes place. In contrast, we
. ' ' observed that PC decay kinetics depends upon the surface
3 a environment, as shown in Fig. 5. If during the slow detay
b vacugq 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,

Absorbance

Y ' but also upon the light wavelength. This is illustrated in the
200 400 600 800 inset in Fig. 5. When illuminating at room temperature with
Wavelength (nm) the low power 1000-600 nm light emerging from a Xe-

lamp—monochromator setup, steady state is reached within a
FIG. 4. Optical absorption spectra of NT@urve a) and few minutes. When the light wavelength is decreased the

K ,Nd,Ti;04, (curveb) powders dispersed into KBr pellets. time required to reach steady state is increasingly longer and
when illuminating with the high power Ar laser mid-uv lines,
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FIG. 6. Time dependence of the instantaneous lifetimg= i,/|(di,/dt)|. Data were multiplied or divided by 10 as indicated for
clarity. (a) Sample 1 { = 457.9 nm. Open circles: 298 K, full laser powex,= 0.546; open triangles: 393 K, full power= 0.433; open
squares: 298 K, at 0.25 powet= 0.539.(b) Sample 2A333.6 <A< 363.8 nm. Open circles: 309 K, full laser powes#,= 0.628; open
triangles: 368 K, full powera= 0.482; open squares: 298 K, at 0.25 power; 0.411.

a very slow photoconductivity decay was observed for athecked under different conditions by varying temperature

least 24 h without return to thermal equilibrium. So it may bebetween 298 and 450 K and light power in both samples.

concluded that slow relaxation is observed at short wave- The photocurrent decay can be fitted to the stretched ex-

length, i.e., when light is absorbed at the sample surface. ponential relaxation layEq. (1.1)] which applied to the pho-
Sheinkmanret al?® reviewed PC in inhomogeneous semi- tocurrent is written as:

conductors and suggested a barrier model based upon the

idea that the electric field due to inhomogeneities creates a (=i (0)ex (E)B 53

recombination barrier which hinders recombination and a P P P17 '

drift barrier which hinders current flow. The model predicts

that the instantaneous lifetime defined by wherer is the relaxation time.

In Fig. 7 are shown typical log-log plots of the PC decay
ip(t) at various temperatures. In most cases the decay kinetics was
T‘”St:m (3.2 measured on a time period of the order of*1€ As seen,

P quite good fits were obtained. In one case the decay record-
is a linear function of time. We analyzed our data along theséng at 309 K was extended up to 24 h yielding a very good fit
lines but found instead a power-law time dependengg;  also (see inset in Fig. )7 In all cases we found that the
« t% 0<a<1, characteristic of dispersive behavior. Typical relationa+ g= 1 is fairly well obeyed(see caption of Fig.
examples are shown in Fig. 6 for both samples. As seen, iif). The temperature dependence of the exporgntnea-
spite of data scattering at long time due to inaccurate derivasured under constant light power, was studied in samples 1
tion, log-log plots ofr;, as a function of time can be fitted and 2. In both specimen3 depends linearly upon tempera-
with reasonable accurary to a power law on a time period ofure, extrapolating close to 0 at 0 8=T/T, (Fig. 8, the
the order of 2—3 h; at longer times the photocurrent decay islope yieldingTo= 720 and 656 K for samples 1 and 2,
too slow to yield accurate data. This time dependence wakespectively. We recall that sample 1 was illuminated at
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FIG. 7. Log-log plots of the normalized photocurrent decays at various temperatures in saf8g862<\,< 363.8 nm. The solid
lines are the fits to Eq.3.3), 95% of the data points being removed for clarity. The followfhgnd  values were extractegg= 0.529,
0.524, 0.587, and 0.598:= 41643, 16610, 4753, and 958 s At 347, 368, 390, and 411 K, respectively. We find, respectively,
a+pB= 1.012, 1.006, 1.016, and 0.982. Inset: decay kinetics of the normalized photocurrent measured at 309 K durii338 h
<\ exe< 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. 8= 0.431,7= 77656 s, andx+ 8= 1.059.

457.9 nm whereas sample 2 was illuminated in the mid-uv
range (333.6—363.8 nm As shown aboveFig. 5 the PC
decay is profoundly affected when the photon energy is
changed. Nevertheless, close valuesTgrare obtained, re-
vealing a genuine material property. In Fig. 9 we present a
semilogarithmic plot of the variations of the relaxation time 07 |
7 as a function of reciprocal temperature. As seen, the varia-
tions are quite complex. Whereas an activated behavior is
anticipated, we observed either small variatigegample 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. 05

0.8

06 L

IV. DISCUSSION

Analysis of PC and of its dispersive behavior in NTO may
be summarized as follows. 250 300 350
(i) The threshold for photocarrier generation is smaller
than the band gap energy measured by optical absorption. T (K)
(ii) The relaxation rate of photoexcited carriers depends
upon the light penetration depth so that PC characterizes FIG. 8. Temperature dependence of the expogeint Eq. (3.3):
surface excitation. B=TI/T,. Closed triangles: sample To= 720 K; open circles:
(iii) PC decay unambiguously follows the stretched exposample 2,To= 656 K. The linear fits extrapolate at 0.0035 and
nential relaxation law for several hours. 0.0018 &40 K for specimens 1 and 2, respectively.

400 450 500
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10° : : : : : suggests that there is a large DOS in the gap, the distribution

o} © of which is an important issue which has bearing on photo-
o) carrier transport. Information about the energy distribution of
subgap states may be obtained by calculating the energy de-
pendence of the absorption coefficienthv) from the pho-
tocurrent excitation spectruni,(hv). This technique is
widely used in the field of amorphous semiconductors, e.g.,

® e a-Si:H.?>~?* Indeed, the empirical photon flux dependence,

° Eq. (3.1), may be generalized to

10*

T (sec)

10°
ip*(ad)?” (4.1

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

2.2 2.6 3 3.4 ~ X 1) ( h VO)
1000/T (K'Y a(hv)=a(hvo) g

10

ip(hv) |

ip(hVo)

hv, is some reference energy whet¢hv,) is known from
optical absorption measurements anthv,) is the corre-
sponding photocurrent. It should be noted that accurate quan-
t(jitative data are only obtained if several conditions are Thet,
in particular:

(i) uniform electron-hole generation;

(iv) The exponenp depends linearly upon temperature. (i) only one type of carrier contributes to the photocur-

(v) The complex variations of the relaxation timewith rent;
temperature and pressure very likely may be related to (i) the power-law dependence of does not depend
chemisorbed oxygen atoms at the sample surface. upon photon energy.

In order to introduce discussion several features deduced In the case at hand the photocurrent excitation spectrum
from structural studies should be taken into account. Firstvas measured at constant incident photon fluence. As the
this material contains a high density of oxygen vacancies oexact value ofa(hvg) is unknown the ratiax(hv)/a(hvo)
about 5.6¢1073 A ~23 corresponding to two vacancies per Was calculated from Ed4.2). The semilogarithmic plot in
unit cell® It should be noted that this figure is purely indica- Fig. 10 shows that between 2.20 and 275 eV
tive, because oxygen vacancies are not homogeneously dig{hv)/a(hv,) exponentially decays over about two orders
tributed in the crystal volume but remain located in the in-of magnitude, demonstrating the existence of an Urbach-type
terlayer spacgsee Fig. 1c)]. Second, it has been shoth edge:
that some disorder occurs during the acid exchange process,
which is retained in NTO; but the basic layered crystal struc- a(hvg) = agex @ 4.3
ture is preserved. Therefore amorphicity cannot account for 0 0 Eo/)’ '
the observed dispersive behavior of the instantaneous life-
time and of the stretched exponential relaxation law describ- The slope allows measurement of a width120 meV. It
ing PC decay. We suggest instead that oxygen vacancies agbould be emphasized that this value is indicative only, most
randomly distributed at the surface of crystallites, giving riseof the conditions required to reach quantitative data remain-
to trapping centers in the gap. ing to be checkeflexcept(iii)]. In addition, as stated in Sec.

Strong support to the existence of localized gap stateBl A, i,(hv) was measured after a fixed delay time follow-
comes from recent theoretical work on the influence of oxy4ng illumination; consequently, when the photon energy is
gen vacancies on the density of statB©9) in TiO,.182°  increased both the carrier density and the response/relaxation
These authors studied the effect of including 0%, 1%, 5%fime increase. Therefore we simply conclude the existence of
and 10% oxygen vacancies at randomly selected sites. Tran apparently broad exponential absorption edge located
authors found that a tail of donor states below the conductiodeep in the gap, close to the valence band, whose origin
band, extending a few tenths of an eV, grows with vacancynight be the random energy distribution of oxygen vacancies
concentration in agreement with experimental repdrts. at the crystallite surface. Clearly, accurate meaningful infor-
These states are localized and are playing the role of trappingation would come if a NTO single crystal with well-
centers. They examined both the bulk and the surface DOS8efined and controlled surface was available. Unfortunately
and found the same results. In spite of the structural differthe growth of such crystals remains a nontrivial task.
ences between rutile TiDand the investigated layered per- We proceed by examining the lower energy regidn (
ovskite, it may be expected that the gross features of the 2.2 eV) where a broad shoulder is observed. When the
DOS upon incorporation of oxygen vacancies remain theexponential absorption edge contribution is subtracted an ab-
same. sorption band extending from+ 2.3 to 1.2 eV peaking at

As shown abovgFig. 3 the threshold for photocarrier ~ 2 eV is seen, which is likely due to extrinsic absorption.
generation is about 1.75 eV smaller than the 3 eV band gamdeed, a peak at 1.98 eV has been found in the PC spectrum
indicated by optical absorption data. This energy differencef a TiO, single crystal, which was attributed to iron

4.2

FIG. 9. Temperature dependence of the relaxation timgolid
circles: sample 1(partial pressure 810~ ¢ mbap; open circles:
sample 2(partial pressure- 10”7 mbap. The difference between
specimen 1 and specimen 2 is the ultimate vacuum which leads to
different coverage of the surface by chemisorbed oxygen atoms.
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FIG. 11. Model of the relaxation of trapped electrons. An elec-
104 L - Photon energy (V) tron is trapped into the vacandy, until a nearby oxygen @dif-
. ! oo > fuses intoV,. The electron then makes a step into the newly
1.6 2.5 3.4 formed vacancy, biased by the applied fiéld The pause and step
Photon energy (eV) process is repeated until recombination.

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

I(_ope_n circles in Fig. Bwith hvo= 3.1 eV andy= 0.7. The solid 02 nism “When light is applied electron-hole pairs are

ine is the fit to Eq.(4.3). Inset: open circles: absorption in the low - :

energy region obtained by subtracting the contribution of the expopreat'ad and E|6Ctrons get trapped into vacancies. A trapped
: . g)llectron pauses until a nearby vacancy is formed due to the

Jjump of an oxygen atom. It then makes a step biased by the

electric field. It thus moves by a succession of steps and

uses 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

fwo phenomena. The first one is dispersive transport ob-

FIG. 10. Semilog plot of the ratia(hv)/a(hvy) (open squares
calculated from Eq(4.2) and the photocurrent excitation spectrum

state(Fig. 3.

impurity.?® Introduction of such an impurity during synthesis pa

of the NTO precursofsee Sec. )l is plausible. This peak

would result from electron excitation from the ¥elevel.
Insight into the qualitative picture of recombination in

NTO may be gained from the observed temperature depe ; . .
dence of the relaxation time (Fig. 9). Indeed, we cannot served in semiconductors like ASe; (Ref. 26 and amor-

ignore the influence of the ever-present residual gasgs O phous hydrogenated silicdfIn these materials the drift mo-

: . bility exhibits a power-law dependencg,po t~ ¢, which
H,0, and CQ in the measurement cell when working at a : :
pressure of 510 ° mbar (sample 1 or - 10°7 mbar 2 SIPANen Y Ster a Fonon e bavs e
(sample 2. 7 should be strongly dependent upon the density . '
: o X R .~ ~each carrier undergoes a random walk, composed of alternat-
of chemisorbed species in oxygen vacancies. This point is

substantiated by the simple experiment described in Fig. gf?%ds\t/\ifr? and p?:siisrﬁ blc?iS?r(ijbmti ﬂ:]? ?';efﬁ?ﬂgf thi alpphed
when air is introduced into the cell during the photocurrent € (N a pausing-time distributio (1)  B= .
— «a. Dispersion is due to the existence of an exponential

decay the relaxation rate of photocarriers gets much faster. M -
As oZygen coverage of the spurface depengs upon tempergpergy distribution of traps below the conduction band edge:

ture and pressure, the variationsrofvith temperature cannot exp(—E/kTo) where the widtrkT, is related to the disper-
follow the anticipated activated behavior: sion parameter * a«=T/T,. An alternative model proposed

by Palmer, Stein, Abrahams, and Anderédmyho postu-
E*
T= TOEXF<E

lated a serial interpretation where the path to equilibrium
which would characterize a “clean” surface, i.e., free of dn(t)

(4.4  involves many sequential correlated activation steps, leads to
a time-dependent relaxation ratét) in the rate equation
chemisorbed oxygen and other species. Working in UHV T =—k(t)n(t) (4.9
and at high temperature might perhaps allow one to obtain a
“clean” surface. The trend in Fig. 9 agrees with such awheren(t) is the density of photogenerated carriers.
statement. Whereas the temperature dependence iof The second characteristic of disordered media is the slow
sample 1, which was studied atx30 % mbar, is not or relaxation toward equilibrium described by a stretched expo-
weakly thermally activated, that of the sample 2, studied ahential function[Eq. (1.1)]. Shlesinger and Montrdfl stud-
~ 10~ 7 mbar, can be roughly fitted between 390 and 450 Kied this problem in the case of frozen dipoles in polymeric
to Eq. (4.4), yielding an apparent activation energy of 0.9 systems. They demonstrated that if the defects move in a
eV. We emphasize that this is a lower limit. Neverthelesscontinuous-time random walk and if the pausing-time distri-
such a large value suggests that diffusion of oxygen vacarbution has a power-law time dependence, then relaxation has
cies is very likely the physical process underlying dispersivehe form of a stretched exponential function. On this basis
photoconductivity. This is why we put forward the simple Kakalioset all* studied relaxation of the electronic proper-
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ties of doped amorphous hydrogenated silicon and showetke into account the coverageof the surface by residual
that dispersive diffusion of bonded hydrogen atoms inducesxygen, which as qualitatively shown above is temperature
relaxation of localized states, the functional form of which isand pressure dependent:
well described by a stretched exponential law.

In the case at hand we assume that in NTO the jump of Noce
oxygen atoms into vacancies is submitted to a dispersive o(T,P)= Niot (41D
diffusion mechanism. Differences in the local environment
generate a distribution of release times leading to a timewhere 0<#<1, N is the density per surface unit of vacan-

dependent diffusion coefficent cies containing chemisorbed species, &hig is the density
per surface unit of vacancies for a “clean” surface, i.e., free
D,=Dg(wt)™“ (4.6)  of chemisorbed species. Under these conditions the rate con-

stant is written as
where w is the attempt to hop frequency of oxygen atoms

and Dy is the temperature-dependent microscopic diffusion Do(wt) ™«
constant. In Eqs(4.6) we use a formulation similar to that k(t)= 0——z (4.12

used and demonstrated by Kakalfbim the case of the jump
of hydrogen atoms in amorphous hydrogenated silicon. If inwhich after integration of Eq(4.5 leads to a temperature-
the rate equatiofd.5) we write the time-dependent constant and pressure-dependent activation energy:

as

a’Bw

0—[)0) . (4.13

Do(a)t)ia ET(T,P):kToln
k()= ——75—, (4.7

a
Equation(4.13 shows that whefT is decreased oP is
where we introduce the hopping distareet is seen that the increasedg increases anét, decreases in qualitative agree-
instantaneous lifetime has a power-law time dependence: ment with experiment. It should be noted that preliminary
results on the pressure dependence of PC relaxation bring
a’w” support to the assumption made abokg)= 6.3! Now, as
Tinst:D_Ot (4.8 in the case of TiQ(110 for which it was shown that desorp-
tion of chemisorbed gases like ,Q CO,, CO, and H is
as experimentally observed. Now integration of E5) us-  thermally activated? we write
ing Eq. (4.7) immediately yields the stretched exponential
functional form Eq(1.1). So the stretched exponential relax- Edes
ation law directly follows from the assumed dispersive dif- Noge= Noexp( W) (4.14
fusion of oxygen atoms.
We assumed above that the exponential absorption edgd write the microscopic diffusion constant as
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
modef® predicts that the dispersion parameter increases lin- Combining Egs(4.1)), (4.14), and(4.15 we obtain
early with temperatureB=T/T,. Such a behavior is ob-

Do=D*exp—

Ep
ﬁ) : (4.15

served in Fig. 8 and we may conclude that trapping centers Ng Eqes Ep

i i ity - i #Dy=D* —e 4.1
in NTO are exponentially distributed with a widkiT,~ 60 0 NtotCX kT J° (4.16
meV.

A last point remains to be discussed which concerns th@ quantity which may be deduced from experimental data,
complex variations of the relaxation time with temperature.namely, from the power-law fité~ig. 6) of 7,s; which now
Integration of the rate equatiq@.5) with a time-dependent reads
rate constant allows one to obtain

Tinst= 2=~ L% 4.1

2
1 F{kTO a2Bw | “9

T= ZEX ﬁInD—O

Takingw= 102s ! anda=4 A, we obtained the results
which shows thatr is expected to be thermally activated presented in Fig. 12 where lggfD,, is plotted as a function

with an activation energy of reciprocal temperature. In spite of data scattering it is seen
that in agreement with E¢4.16 6D follows a temperature-
a’Bw activated law with an activation energy of 0.59 eV for
E.= kTO'”( Dy ) (410 sample 1(partial pressure 810~ ® mbap and 0.62 eV for

sample Apartial pressure- 10”7 mbap. So we find that the
in contrast with experimental observatioffsg. 9). As said activation energy of desorption of chemisorbed oxygen is
before, we interpret these data as being the signature dérger than the diffusion constant of oxygen vacancies. This
chemisorbed oxygen at the sample surface. Therefore weesult is in agreement with the measured desorption
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10* , | , , . D*Ng/Nyy is about four times larger in sample 1 than in
sample 2 showing thdtl, increases with the partial pressure
in the measurement cell.

| ] V. CONCLUSION
f f The layered perovskite Ndi3;04 is characterized by a

”: large surface density of randomly distributed oxygen vacan-
& cies which govern charge carrier transport. Assuming that
< 10" b 1 dispersive diffusion of vacancies triggers relaxation of local-
I~ ized states in the gap, we can explain the dispersive behavior
® of the photoconductivity instantaneous lifetime and the func-
‘f tional form of the slow decay of photogenerated carriers after

L . 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
101 . ! ! | ! 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
FIG. 12. Temperature dependence of the prodiy measured |\ \ndertaken in the near future.

22 2.6 3 34

1000/T (K'Y

from the time dependence @y [Eq. (4.17]. Solid circles: sample  The relaxation time characterizing recombination of pho-
1 (partial pressure 5 10" mbay; open circles: sample @artial  5carriers is strongly dependent upon coverage of the surface
pressure~ 107" mbay. by chemisorbed oxygen atoms. To give account of the gross

features of its variation with temperature and residual pres-
activation energyEg= 94 kJmol'! of oxygen chemi- sure, we assumed that the time-dependent rate constant is
sorbed on TiQ,% which was found to be larger than the proportional to the density of chemisorbed oxygen atoms
diffusion constanEp= 60 kJ mol ! of oxygen vacancies in moving into vacancies. Pressure-dependent studies which are
TiO,.%% In Fig. 12 we note that the preexponential factorexpected to bring support to this assumption are under way.
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