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We propose a simple model of charge transport that predicts the conducting properties of disordered mate-
rials. The transport of charge is assumed to occur by trapping and detrapping of electrons in localized states
and diffusion via a conduction-band level. The input is an arbitrary density of localized @désS) and the
output, bulk mobilities, and conductivities as a function of the field and the density of carriers. The code can
be applied to any kind of carrigelectrons, holes, or iohsand includes trap-filling effects. This leads to
predictions of density-dependent mobilities—a determining factor in the conducting properties of amorphous
insulators and sensitized semiconductors. Using this model, we have studied the photoconductay TiO
comparing the predicted conductivity for different DOLS with experimental data in steady-state conditions.
Our simulations show that the presence of a few deep traps determines the observed superlinear dependence of
the conductivity on the number density of carriers.
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[. INTRODUCTION electron acceptorgthe process to be prevented in applica-
tions) or reach the collecting electrode. In the case of sensi-
The electrical properties of disordered insulators andized solar cells, the greater the fraction of photoinjected
semiconductors are of great interest both as a challenging selectrons that reaches the collecting electrode, the greater the
of fundamental problems and because of their technologicatfficiency of the celf:** Thus, electrons oéxternal origin
applications. The electrical industry is interested in evaluatgive rise to the transport of charge. There are no holes con-
ing current-voltage characteristics of insulating matefials tributing to the conductivity unlike other photosensitive ma-
that are the key to the description of long-standing problemserials such as amorphous hydrogenated silféoRurther-
such as breakdown and aging processes in insulation fanore, electron transport in porous, nanocrystalline metal
high-tension cables. Colloidal semiconductors such as TiOoxides exhibits a strong, nonlinear dependence on electron
and ZnO represent a new class of electronic materials witidensity and electron injectidh’*3-1¢ This observation is
numerous technological applications, ranging from batteriesisually explained in terms dfap filling. The argument runs
and electrochromic devices to a new generation of solar cellgs follows: as more electrons are injected into a system with
based on dye-sensitized nanoparticulate filifsSemicon-  a distribution of trap energies, traps with larger energies with
ducting polymer3® can be used as the emissive material inrespect to the conduction-band leveéeptraps are progres-
organic light-emitting diodes, and amorphous organic photosively filled, leaving only shallow traps available for conduc-
conductors used in xerography. In all these materials, th#ion. As the residence times of electrons in deep traps are
movement of chargéelectrons, holes or iohsletermines the much longer than those in shallow traps, the net mobility of
electronic characteristics through a disordered medium, ththe electrons is enhanced as the electron density increases.
nature of which is determined by the chemical compositionNelson has recently reported simulations of electron trans-
and the microscopic structure of the material. A key objec-port in nanocrystalline Ti@ electrodes’ The calculations
tive for research on these materials has been the determineensidered several electrons simultaneously with the condi-
tion of carrier mobilities. Traditionally, mobilities are derived tion that only one electron is allowed per trap. The simula-
by interpreting measurements on photoinduced transient cutions demonstrated that the transient current decays faster
rents in terms of carrier activation out of trafys In mod-  with time when more electrons are used. To our knowledge,
eling such measurements, a broad analytic distribution ofhis is the first simulation study of charge transport that takes
trapping energieggenerally exponential or Gaussjas of-  into account trap-filling effects. We note that the population
ten assumed. An important advance would be to use realistief the trap states is a facfothat determines the kinetics of
density of localized statedOLS) obtained either fromab  the recombination reaction between electrons and surface or
initio calculations of the electronic structure or from spectro-electron acceptor oxidized species. Thus, an increase in the
scopic measurements. trap occupancy enhances the acceleration of charge recombi-
The case of sensitized wide-band-gap nanocrystallin@ation with injected electron density.
metal-oxide films represent a very attractive class of materi- The study of the trap-filling effect in disordered Ti@ro-
als for researcf They provide a model system for pure elec- vides an interesting link with other systems where nonlinear
tron transport between localized states. In such materialsehavior of the conductivity is also observed. For instance,
electrons are injected into the porous semiconductor networthe case of trap-controlled conduction in insulating
by means of a sensitizer that absorbs light in the visiblepolymers™? In this case, the filling of traps is believed to
range of the spectrum. These electrons migrate within thbave a significant effect on the current-voltage characteris-
network until they recombine with the surface or externaltics. The filling of the traps at higher voltagéstrong injec-
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tion) is considered to be related to the breakdown of thdion to obtain photoconductivities in dye-sensitized nano-
insulation! crystalline TiQ for several choices of the DOLS. Conclu-
In all the cases mentioned above, charge transport can Isons based on our simulations are presented in Sec. IV.
described as the transfer of carriers between localized states
or traps that act as potential wells for the moving carriers. [l. TRANSPORT MODEL
The purpose of the present paper is to develop a general
transport model that can be employed to descrhétiple-
trapping transport of charge in disordered media. Previous We assume that transport of charge occurs by transfer of
papers®1®? have already addressed this kind of transportelectrons between localized statest@ps In the simplest
both from the theoretical and the simulation point of view. situation, all traps will have the same enei@g., a DOLS
However, much of this paper has been inspired by the dewith the shape of a Diraé function). In this case, it can be
scription of “time-of-flight” experiments, i.e., these authors shown that the mobility is given By**
look at the problem otransient currentsin thin films of
fixed thickness. More generally, previous stuéfleare re- u= 2voa ex;{ — i)sim_(e_Ea
stricted to the case of single-particle simulations, where trap- IE kT 2kT

filling effects are not taken into account. In the present papef o e vy is the attempt-to-jump frequenca,is the average
we are interested in multiple-trapping transport of charge inyiciance between trapsis the number of e,quivalent neigh-
steady-stateconditions, in thebulk [three-dimensiona3D) boring sites to which the carrier is allowed to jufiE is the
size-independent calculatiohsnd with explicit consider- applied field,¢ is the trap depthactivation energy e is the

at:(on O.f the effects f?trap f|!||ng. All tgelsef fa(_:tors must be .elementary chargé is the Boltzmann constant, afdis the
taken into account It we aim to model, for instance, Sensiypqqyte temperature. Although the original model was for
tized TiO, solar cells in real working conditions. Further-

vial h 4 to k ionic transport, it can be used to describe conductivity of
more, we use nontrivial DOLS that correspond to known, .y ying of carrie? provided that there are no tunneling

electron traps in the material under consideration. Hence, WEffects

pursue three main objectives in this pap@y: the consider- In the limit of very small fields ¢ Ea<kT), Eq. (1) re-
ation of trap-filing effects, (2) generalization to size-

A. Basic description

: @

. ; . duces to

independent3D) calculations in the steady state, a3 the

use of nontrivial DOLS related to real experimental materi- voa’e €

als. m= Wex T (2)

As mentioned above, for sensitized Ti®olar cells and
many other applications, we are interested in the conductingnd in the absence of traps the mobility is given simply by
properties of a material in thaulk, away from the electrodes.
We wish to predict the mobility as a function of the field and
the charge density so that this can subsequently be used in a
macroscopic calculation that takes into account space-char
and electrode effect$:® Hence, our simulation model ap-
plies periodic boundary conditions the field direction(in
contrast to some previous studies where the sample has
fixed width along the direction of the applied fiéld). We
show that the predicted mobilities correspond to the infinite
width limit of the finite-size calculations. Following Marshaf® and Nelsorl, we have implemented

In a previous paper on nanocrystalline FiQt has been a random-walk simulation technique based on detrapping
demonstrated that an exponential DOLS with a characteristiimes between sites or traps. This method is related to but not
temperature 0f~800 K can fit experimental data for tran- the same as the so-called continuous-time random-walk
sient currents! The localized, intraband states are thought tomodel originally introduced by Scher and Montr&ilOur
arise from surface defects associated with oxygen vacanciesimulation runs as follows:
that is, TP" states and absorbed species. Nevertheless, littl
evidence could be obtained either in spectroscopic sttidies
or ab initio calculation$? that the distribution of surface o . . .
states should be exponential. In the present paper we try to ©ON€ Of its Six nearest neighboraccording to its energy
reconcile the transport data with the information available  (S€€ below _ _ ,
regarding the energies of the surface traps in nanocrystalling? Carriers jump randomly from one site to a neighboring
TiO,. Our simulations show that very small concentrations  Site. o _
of very deep traps determine the density dependence of tH4) The carriers adopt the detrapping times of the sites they
conductivity and that it is these deep traps that should be the Visit. The release times are then the difference between
focus of further research. the detrapping times of the site and the time already

The paper is organized as follows. In Sec. II, the simula- ~ spent by the carrier in that site.
tion procedure and the model system are introduced antb) At each simulation step, the carrier having tteortest
tested in ideal cases. In Sec. Il we make use of the simula- release time; is selected and allowed to jump. The re-

voa’e 3
YFat corresponds to the mobility of a carrier performing a
simple random walk with time stefg=1/v, in a network of
Iaattice constant and coordination numbeér

B. Computer simulation

Fl) A three-dimensional array of sites is set up.
(2) Each site is givemix differentdetrappingtimes(to each
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TiO, (EXP: 0=03125) is 1 in our model and this ensures that, at equilibrium, the
transition between states of the system occurs at the same
rate.

In contrast to the papers of Marsfaland others, the
present model does not contain a tunneling factor and motion
is always between adjacent sites. These assumptions have
been used successfully to model electron transport in
TiO,'" % and appear reasonable also for charge transport in

0.8

"%3 08 polyethylené®® For systems with a wide distribution of trap

> energies, deep traps are in most cases surrounded by shallow
% traps so as to leave a deep trap that electron has to tunnel
5 0.4 through an energy barrier almost equal to the trap energy

(with respect to the conduction banéor such cases, even if
tunneling occurs, the present model will give the correct
qualitative behavior. Of course, neglect of tunneling will al-

0.2 O .
ways be a good approximation as the temperature is
increased?

Equation(4) resembles anultiple-trappingmechanism of

0.9} 03 04 05 06 0.7 0.8 conduction®! carriers have to surmount an activation barrier

e(eV) to escape from one trap and move to an adjacent one. Thus,

the detrapping time does not depend on the difference of
FIG. 1. lllustration of the trap-filling effect: probability that a energies between two siﬂ@s(as in hopping mode)sbut on
trap of energy is occupied in an MTRW simulatiotsolid circles. the activation energy of a single trap, i.e., a multiple-trapping
Site energies are distributed according to an exponential density ‘?fandom walk(MTRW). The logarithmic factor in Eq(4)
stateg(solid line) with a=0.3125[see Eqs(7) and(8)]. The dashed o racents the random dispersion of detrapping times with
lines correspond to fittings to a Fermi-Dirac distributiof{e) respect to the mean detrapping time of the ﬁ%‘"ﬁ
={1+ex—(e—er)/KT]} ™ (see Table L The calculations were "5 c"0rioned above, we aim to simulate conduction in
;Zg'ggxoéﬁ ;Or: dsggzezrgi ;; t;tr; ;Eirgfliitz?/;fgftrtfrislec;f(t?r? ﬁt? the bulk and in the steady state. With this intent, we construct
- fesp 9% 3 three-dimensional lattice of sites whose energies are allo-
i ) cated by sampling the selected DOLS, and periodic boundary
lease times of the rest of the carriers are then advanceg,ngitions are applied in all directions. During the simulation
by t;. In the next step, the process is repeated. process, any carrier crossing one of the boundaries i the
he simulati hod | daptive ti q direction (the direction of the applied fieldis reinjected
The simulation method is an adaptive time-step procedury, . qh the opposite side. The simulation is allowed to reach
This is important in the simulation of charge transport in 4 stationary staténo variation with time of the currenaind

disordered materials_ since detrapping ti_mes can vary bY Se¥he current and the mobility are obtained from the number of
eral orders of magnitude from site to site. Also, this proce-

q : cularl table if ! d4d carriers moving forward per unit time. The calculation is
ure is particularly suitable It we want to monitor sudden,qn, reneated for several realizations of the DOLS. The mo-

increases of the mobility consequent on the filling of thebilities are then extracted from
deeper traps.

In the present paper we calculate the detrapping time be- J
tween two sites andj via the expression 1= B )
t; = —In(r)to exp([&; + E- au; /2]/kT) 4) wherelJ is the current density is the charge of the carriers,
1] i ij )

andp is their density. By using this expression we neglect the
. . . polarization and diffusion components of the current density
wherer is a random number uniformly distributed between 0 e the stationary state is reached there is no density gra-
and 1, is the minimum detrapping time; is the trap depth  gieny | the bulk calculation,] is obtained from counting
(energy of thestartingsitei, E is the applied field, and;; is  the netnumber of carriers moving in the positixedirection
the unit vector linking sites andj. The combination of €x- i 5 selectedime window The result is then averaged, once
ponential detrapping times with the additional requirement one stationary state is reached, over several time windows

single trap occupancy produces a Fermi-Dirac distributiongg ypically and several realizations of the DOLS. The
for the probability of a trap being occupied at equilibrium at parametet, [cf. Eq.(4)] controls the time scale of the simu-

a temperaturd (s_ee Fig..l —_ lation. It corresponds to the inverse of the attempt-to-jump
In order for this algorithm to produce an equilibrium en- ;requencyvo in Eq. (1).

semble in the absence of an applied field, the condition o
microscopic reversibility (sometimes called detailed

balancé’) must be obeyed. In our model the release rate
from a site of energy, is related to the capture rate by the  We have tested theTRw code against the theoretical re-
ratio expg;/kT) (the probability of capture by an empty site sult, Eq.(1), which should hold for a one-particle simulation

C. One-particle simulations and finite-size effects
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FIG. 2. Mobilities from Eq.(1) (dashed lingand from MTRW K
simulations in the bulkcircles for different values of the trap FIG. 3. Mobilities from MTRW simulations of transientslack
energys and the electric field. circles and in the bulkiopen circle transport mode(see text for

the case of one trap energdy. is the number of sites in the field
with all sites having the same energsingle trap energy direction.
casg. Results, in reduced units, are shown in Fig. 2. The
simulations were performed on a lattice of*288% 28 sites
and spanned a total simulation time ok80°r, 7 being the
average detrapping time given by Hg). The time window
is set equal to X 10%7. This is seen to be enough to extract

50 to 500 sitesand compared the resultsee Fig. 3 with
bulk simulations for the same sample sizes. Our calculations
demonstrate that the mobilities drawn from the bulk simula-

good statistics from the random-walk simulation. The resultd© dr:r:::?i(;?]d?rﬁ]ear:drigtaﬁ];tr;ﬁesglflI?fr:;‘(aj;lmgg:?ensonoﬁzg Itr:) t’?hee
prove that the code properly describes the transport of charqé : ’ p

when s occurs by hermaly actvated detrapping, | e I of b vanseniemnent model or b
We are also interested in proving that the code produce ’ P

true bulk, size-independent mobilities and conductivities. In o;aé?g"tzhei;rwaeszré%?en\}’egogdlﬁﬁg;% prt(r)]rée;tlife.r:]n S?Z%r?r\]”?hu;
order to demonstrate this and make contact with previou P y 9 Y

papers on transient curreft<L718ve have prepared a ver- leld direction very large. In contrast, the application of pe-

sion of the code where the calculation resembles a "“me'Of'rs'gg:C|§§lf£;§srytoc?hned§§:é g‘uzsgrgfIihdéreﬁgggnzoégmgg al-
flight” experiment. Thus, no periodic boundary conditions P : P

are applied in the direction of the field. Carriers are intro—!OWS the use qf small gystem sizes to predict the bulk T“Ob"'
duced through one border of the systéime injecting elec- ity of the carriers, Wh'Ch can be used subs_eqqentlyugt_any
trode and registered at the opposite ditite collecting elec- macroscopic calculations based on the.cont'%'ty equation
trodg. The transient currents are then obtained as averagé)g Ion H.]e space-chahrge Ilmlteqdconguctlon m c?l' d. a DOLS
over independent simulationglifferent realizations of the f Et IS paper _wle aveTc;]qnsr: ereh ,asa St?? ard, a
DOLS). In contrast to the bulk version of the code, the size®' (e exponential type. This has the general form
of the sample is limited by the distance between the injecting
and the collecting electrodes. The mobilities are then calcu- N
lated as _ U —e/kT

9(E)= KT, © 0, (7

_ Isample (6)

LE wheree is the activation energydefinite positive, T, is a
where | s;mpie is the width of the simulation celidistance ghqracteristic _temperature tha_t definesdbpﬁhof tghe dis_tri-
between the injecting and the collecting electrodewt, is ution, and\lt_ is the total density of traps\;=1/a"). Using

. . . . . this DOLS with Eq.(4) leads to a power law for the detrap-
the transient timethat is, the time needed for the carriers to .~ . q ; a7%6
travel the distance between the two electrodes, on avé?age.pmg times where the governing paramet

With this “size-limited” version of the code, we have
carried out one-particle MTRW simulations of transient cur-
rents through a system with a unique site energy, as above. a=—. (8)
We considered several sample widths in xidrection(from To
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D. Trap-filling effects which leads to fourth order i to (see Appendix A
Our simulation method makes it possible to investigate o
the density dependence of the mobility for a fixed density of er=—kT, In( 5 7 ) )
traps. The mobility is determined by the occupancy of the N[ 1+ (ma)*/6+7(ma)"/360]
traps, which produces an enhancement of the net mobility of (139
the carriers when their number is increased. By inserting Eq.(130 in Eq. (12) we obtain
To describe the effect of the occupancy of the traps on the T
conductivity, we start from a formula for the conductivity of o=euoNe °F
the Kubo-Greenwood type that relateso the DOLSg(¢), o Vo
the energy-dependent mobilipy(e), and the probabilityf (&) =euoN ( ) ,
of a trap of energy being occupied® CHINJ L+ (7a)?/6+7(ma)*/360]
" (13d
U:eJO g(e)u(e)f(e)de. (9 which predicts a power-law dependence for the conductivity

on carrier density of exponentd.k=T/T,. For the expo-
As shown in Eq.(2), for thermally assisted transpoyy, is ~ hential DOLS, higher terms in E413b) do not change this
expected to be of the form = u,exp(—&/kT). For the case Power-law form.

of a single site energy(s)=N,8(¢ — o), Eq. (9) reduces For smalla, or when the Fermi level is deep enough at a
to finite temperature, we will have
» p
O'ZE,LLONtJ Se—eg)e ¥ Tf(e)de=euqe 20’k p, ep=—kTp In<N_t) (14)
0
(10 and

wherep is the number density of carriers apg is given by
Eq. (3). If we have a distribution of trap energies, as shown
in Fig. 1, the MTRW method reproduces a Fermi-Dirac func-
tion for the occupancy, i.e., f(e)={l+exgd—(e
—ep)/kT]} 2, with a well-definedquasi-Fermi levek . We
rewrite Eq.(9) as

1l

N, (15

o=epcio=emoN;

with p. representing the average density of carriers in the
conduction band.

In Table | and Figs. 1 and 4 we present results from
MTRW simulations with an exponential DOLS at three-
de (11  different densities of carriers. All simulations were per-
formed with a fixed number of ten particles. The size of
gystem isN®, with N set to 28, 24, and 18, respectively. Also
we introduce an energy cutoff of 0.8 eV in order to limit the
CPU time required to carry out the simulation. For the DOLS
and densities considered here the effect of the cutoff on the
—ep /KT (12) results is very small. The results were obtained after averag-

ing over 50—100 realizations of the DOLS and with a time
Due to the trap-filling effect, the quasi-Fermi level is awindow of 0.017, 7 being the maximum detrapping time for
monotonically increasing function of the density of carriers.each realization. The applied field in all cases was 3
See, for instance, Fig. 1. In order to estimate quantitativelyx 10° Vm~?
this effect, we start with the definition of the carrier density  As shown in Fig. 1, the simulation leads to a well-defined
in terms of the DOLS, and expand abaut eg after inte-  Fermi level. In Table | we compare these Fermi energies with

e—s/kT

[’

U=eﬂoe*8F’ka0 a(e)

and consider the particular case where the Fermi level lie
well below the conduction band, for which the term in brack-
ets tends to 1, leaving

o=eugN;e

grating by partgsee Appendix A the predictions of Eqg14) and(13¢) and show that this last
equation reproduces the Fermi energies obtained in the simu-
- - lation to well within statistical errors, whereas Ed4) is
= f ~ —(1
p fo 9(e)f(e)de LFQ(S)dS (1/6) only partially fulfiled at the smallest.. The fact thatep

obeys a logarithmic law in all cases explains the power law
202) |~ 2 of exponent 14 for the conductivity. We observe that Eq.
X(mkgT)d ‘ L g(a)ds] / de ) T (139 (11) used with the trap occupancy distributions predicted by
the simulation reproduces the conductivities yielded by the
We now focus on the exponential DOLS of E@). We have ~MTRW simulation. The approximations, E¢q43d and(15),
then only match the simulation for progressively larges, for
which the Fermi level lies well below the conduction band.
“Ne Lt 5 ) We note that this description in terms of Fermi-Dirac sta-
P”f KT © °de + (N/6) m*(T/To)” expl — e /kTo) tistics is not expected to be valid in the limit of strong re-
combination, in which case the assumption of thermody-
+- (13b namic equilibrium between traps and conduction band breaks

8:8':

eF
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TABLE I. Conductivities and Fermi levels for exponential DOLS as obtained from MTRW simulations
and theoretical predictionsee text

down. In this section our objective is to demonstrate that for

Log o (Qm)~? ek (V)

a Particles/sites p(mfs) MTRW Eg.(11) Eq.(15 Eg.(13d MTRW Eq. (14 Eg.(139
10/28 5.69x10°2 —-1.30 —-1.36 -0.33 -0.99 0.259 0.199 0.237

1 10/24 9.04x10?2 —-1.06 -1.13 -0.13 -0.78 0.245 0.187 0.225

10/18 2.14x10%° -065 -0.70 025 -0.41 0.219 0.165 0.203

10/28 5.69x10°2 —-3.97 -390 -3.67 —4.04 0425 0.397 0.417

0.5 10/24 9.04x 10?2 -3.62 —-3.67 —-327 —3.64 0.398 0.374 0.394
10/18 2.14x10° -2.85 -294 -252 -284 0355 0.329 0.349

10/28 5.69x10%2 -7.61 -7.88 -—-7.77 —-7.91 0648 0.637 0.646

0.3125 10/22 9.04x10??2 -7.07 -731 -7.12 -7.27 0615 0.598 0.608
10/18 2.14x10°° -5.92 -6.12 -591 -6.07 0544 0.527 0.536

Our results described above indicate that dispersive trans-

the cases studied, the simulation results can be described port with trap filling leads to a conductivity that is nonlinear
terms of Fermi-Dirac distributions and quasi-Fermi levels.with p, varying as

The general simulation procedure is quite capable of describ-
ing more complicated cases, such as those in which recom-

bination is the determining factor.

IIl. APPLICATION TO SENSITIZED TiO

In this section we apply our method to the case of sensi
tized nanocrystalline Ti®, which provides a model system
for the study of pure electron transport between traps. Ther

2

is experimental evidencg*33435hat electron transport in

this system exhibits nonlinear behavior which is usually ex

plained in terms of trap-filling effects.

0.0

20+

loglo(Qm) ]
N
o
|

6.0

—
-

L =T

——
———
—
——

8%

22.8

log[p (m'3)J

23.4

FIG. 4. lllustration of the trap-filing effect: the conductivity in- ="~=* ) )
creases linearly or superlinearly with the density of carriers in thdi€S in the range 0.50.2. The exponent is a function of the
MTRW simulations. The plot is double logarithmic with the dashed chemical environment and it is not known exactly hew
lines corresponding to the predictions of Efjl). Logo follows a
straight line of approximate sloped,/wherea is given by Eq.(8).
Cases shown are far=1, 0.5, and 0.312%from top to botton.
See Table | for details.

a-ocpl/“ (16)

in the special case of an exponential DOLS with character-
istic parameterr. Although the dependence ofon p is not
easy to observe experimentally, the dependenceaf light
intensity can be readily measured. For sensitized nanocrys-
talline TiO,, it has been fourftthat the dc photoconductivity
%as a power-law dependence with respect to the degree of
IMumination (i.e., the volume photogeneration ra&g of the

form

ocxGP, (17

whereg is around 1.61° This could result from the depen-
dence ofo on p, if certain assumptions are made about car-
rier recombinatior{discussed below

To relate the density of carriers to the degree of illumina-
tion, we assume that, in the stationary state, the volume pho-
togeneration rat& equals the recombination rale Thus,

G=R=pl7, (18

where 7 is the lifetime of the electrons that is, in general,
carrier density dependent. Equatidd$), (17), and(18) im-

ply that the lifetime obeys another power law with respect to
the degree of illumination

%G, (19)

where

y=1-ap. (20

A power-law variation ofr with G has been observed in both
electrolyte-supported and dry Tj@ilms!41>26:3%or which y

depends or6G for the system of Ref. 4. For our current pur-
pose we will assume/=0.5. Using a different dependence
would change the shape of the DOLS needed to reproduce
the experimental behavior, but it would not change the quali-
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tative result, i.e., that trap filling can explain the superlinear o
dependence of photoconductivity on light intensity.

Assuming y=0.5 and 8=1.6, we geta=0.31 as the
characteristic parameter of the exponential DOLS. This value
is in good agreement with that used to reproduce transien
experiments in TiQ electrode¥’ («=0.37) as well as with
recent studi€§ on electron transport in nanoporous Fiat
also implies that, according to E(L6), the photoconductiv- 0.006 |-
ity has an almostubic dependence on the density; this is a
strong evidence of trap filling.

We have simulated sensitized Ti@t 300 K using the
MTRW code for several DOLS at three different steady-state
electron densities. These have been estimated from the e
perimental degrees of illuminatibmnd the known behavior
of the lifetime vs the photogeneration rgte=e Appendix B i
We use an average distance between traps=020 A, ex-
tracted from the quoted densities of traps on the surface o s
the nanoparticulaté$and nanoparticle radiusbout 10 nm
Also, we take the applied field to bexdL0° V m~1. This has 0 Y ™ n
only a very small influence on the detrapping times as cal- ) £ (eV)
culated by Eq(4). We set the time-window to be 04(ris
the maximum detrapping time for each realization of the FIG. 5. DOLS used in this paper to describe electron transport
DOLS). The current density was obtained from averagingin sensitized TiQ. The Gaussian distributions are obtained from
over 50 time-windows once the steady state for each realizé=q. (21) with A;=0.99,A,=0.01,0,;=0.1eV, ando,,=0.1 eV
tion was achieved. Simulations were performed with ten parfor case(1), A;=0.99,A,=0.01,0.,=0.01 eV, ando,=0.2 eV
ticles in all cases and a system sizeNot, N being 28, 24, for case (2) and A;=0.97, A,=0.03, 0,;=0.1eV, ando,,
and 18 for the three densities studied, respectively. The time 0.2 eV for case3). To highlight the difference between all dis-
scale was fixed by settingy=5x10 *%s. This value has tributions, only the region of very deep traps is shown in the figure.
been shown to be adequate to describe transient currents with
the random-walk model in thabsence of recombinatidd  conduction-band edge, respectively. The former corresponds
Nevertheless, the choice of does not affect the density to oxygen vacancies in the oxide surface, whereas the second
dependence of the photoconductivity, rather it introduces are associated with the first ionization state of these vacan-
constant shift that can be corrected once more precise datées. Bearing this in mind, we have constructed a DOLS
for phonon frequencies in nanocrystal }i@re available. where 0.32 eV traps are predominant, but where there are

We have used an exponential DOLS witk= 0.31. Thisis  also a few 0.50-eV traps. This has been modeled by means of
a deep distribution, there is a non-negligible number of traps&aussiangsee Fig. % centered at 0.32 and 0.5 eV, respec-
with a high activation energy and very long residence timestively, with widths o, and weightsA’'s used as adjustable
This requires a large time-window to correctly sample theparameters,

DOLS. Nevertheless, traps with very long residence times
are not likely to contribute to the conductivity as these times
are longer than the lifetimes of the electrons in the material 9(e)=Asexf — (¢ -0.32%07,]

(see Appendix B In other words: electrons will recombine +A, eX[:[—(8—0.5)2/0'22]. (21)

long before they detrap to a neighboring trap. Based on this, ‘

we have introduced a cutoff of 1.0 eV in the DOLS. This

cutoff will have an effect on the numerical results. The effect In Fig. 6 the photoconductivities obtained for DOLS de-
is small at the densities considered here but could be large atribing sensitized TiQare plotted versus the light intensity.
much lower densitie®’ In the present paper the choice of It can be seen that both an exponential DOLS and the Gaus-
cutoff is an integral part of the model. This keeps the com-sians for which the dispersion of values around the mean
putational cost within reasonable limi@round 12 h on a PC value for the deeper trap of 0.5 eV is 0.2 eV give the correct
of 400 MH2). As it can be seen in Fig. 6, the conductivities slope with respect to the experiment. A smaller dispersion
still follow a power law, although the slope in the double- (i.e., 0.1 eV} does not lead to the correct slope for the Gauss-
logarithmic plot is slightly larger than &/ ian model. This implies that it is the very small proportion

As an alternative to the exponential DOLS, we have tried(1%) of deep traps that control the conductivity. In addition,
more realistic distributions based on spectroscopic and ader the ty, parameter chosen above, it is observed that the
sorption measurements. “@el, Rocker, and Feierabeild simulation provides photoconductivities of the order of the
have performed an extensive study of #id0) surface of experiment, provided the DOLS is composed of 97% traps of
rutile TiO, (the most stable surface of the rutile phase of thisenergy 0.320.1 eV and 3% of 0.50.2 eV. Thus, it is the
oxide). These authors report two kinds of surface intrabandgarameteir,, (tuning thetail of the DOLS that determines
defect states located at 0.32 and 0.51 eV below thé¢he slopein the conductivity-illumination curve whereas the

I | ’ |

| exponential (¢=0.31)

!
\
\

0.008 |—

gaussians (2) |

\ 1

gaussians (3) _|

G(e)

0.004 |—
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T T T T T At present the simulation does not take into account re-
combination in an explicit way. Work is in progress to intro-
6 ’,,-0 - duce recombinatiorfand generationexplicitly in the code
EXP:a=031 _—-—" and provide a fuller microscopic description of photoconduc-
__ e i tion.
.—,’/
ﬁ_: 8 gaussians (1) e
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-121- .‘//” gaussians (3) T APPENDIX A: DERIVATION OF Eg. (130
1 " ] : I We define the function
0.0 0.5 1.0

log, , [Intensity (qucmz)] &
K F(s)=f g(e)de (A1)
FIG. 6. Photoconductivities vs illumination intensity in sensi- 0

tized TiO, from MTRW simulations for the DOLS of Fig. 6. The and rewrite Eq(139 as

dashed lines correspond to linear fits of the simulation points. Ex-

perimental data are taken from Ref. 4. ® * dr
p=f g(s)f(s)ds‘:f f(s)gds, (A2)
0 —e
parameterA, (giving the overallproportion of deep trapg _ _ _
controls the magnitude of the photoconductivity. which can be integrated by parts to give

p=f(s)1“(s)|°fw—ficl“(s)df=l“(oc)—f:l“(s)df.

A3

In this paper we have devised a simulation code based on . (A3)
a multiple-trapping model of charge transport, which canVWe now formulate a Taylor expansion Bfe) aboutzr and
predict local(or microscopi¢ conducting properties in disor- Write
dered materials. We have tested the model against limiting
cases(single trap energy and an exponential density of p=F(oo)—F(sF)fw de_F
state$ for which we have derived analytic results for con- —w de
ductivities and Fermi levels. The model and its correspond-

IV. CONCLUSIONS

f ) (e—ep)df
TS -

ing code have been shown to reproduce tsukk conducting 1d°T % 5 1 d°r o
properties and to demonstrate trap-filling effects, known to 5 4:2 fﬁm(s_SF) df+§@ fﬁw(g

be relevant to many experimental systems. We have consid- °F F

ered a very simple model mechanism of conduction that in- 1 d*T o

volves thermal excitation from traps, with neglect of direct —sp)3df+—| —-— f (e—ep)¥df+---. (A4)
tunneling from trap to trap or scattering processes in the 4! de eg” %

conduction band. We show that this choice is plausible for ) )

systems with a large dispersion of trap energies. In additior®dd terms in & —e¢) integrate to zero,

we have shown that the MTRW simulation in the steady state n

obeys Fermi-Dirac statistics with a Fermi level that is a fx X" exp(x) dx=0 (for n odd (A5)
. . . . . . 2 1

monotonically increasing function of the density of carriers. —o[1+exp(x)]

For TiO, we have seen that it is possible to construct a
reasonable DOLS that gives rise to the observed illumination
dependence of the photoconductivity. We have also proved
that it is the relatively small region of very deep traps that
control the magnitude and the slope of the conductivity—light
intensity curve. Thus, it is necessary to include in the model

hereas

= x2exp(x)
f_x[1+equ)]2 dx= 772/3,

a sufficient amount of very deep traps to obtain an enhance- = x*exp(x) 4

ment of the mobility at high injection levels. Clearly, more Jlmmdx:hT 115, (A6)
information about deep traps is vital if the model is to be

improved. wherex= (g —¢eg)/kT. On the other hand,
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TABLE II. Volume generation rates, lifetimes and steady-state

electron densities for PbS-sensitized JiDum films.

I (uWiemd) G (m~3s™)  Jy(Am?  7(9 p(md
0.8 9.7%107°° 2.8x10°° 59.76 5.8%10%
2.0 2.45¢1071  7.0x10°° 37.79 9.25%10%
10.0 12107 35x10% 16.90 2.0%x10%

¢ _ —Nr IKT,
de? ~ (kg2 & —&/kTo),
d*T -—N

R Wexp(—s/kTo). (A7)

By inserting Eqs(A5), (A6), and(A7) into Eq.(A4), we get

" 2
p=J g(s)ds+NT%a2 expl — e IKTo)
eF

77t
+NT %a“eX[X—SF/kTO)-F'“

2 7774

_ ™ A
_NTqu_SF/kTo) 1+Fa +W)a +ee ],
(A8)
hence
=—kToIn p
o OTANY[1+ (7a)?6+ 7(7ar)*360] ++ -]

(A9)

APPENDIX B: CALCULATION OF STEADY-STATE
ELECTRON DENSITIES

To obtain electron densities in TiOelectrodes under

PHYSICAL REVIEW &5 125324

|
G=(1—r)(l—e“ad)E—hd‘1,
p

(B1)

wherer is the fraction of light lost by scattering, reflection,
and absorption in outer layers;, is the light absorption
coefficient,| is the light intensityFE,, the energy of a photon,
andd is the thickness of the film.

The average lifetime of the electrons is related to the
photoinduced current density via

T="Tojph - (B2)

The photoinduced current density is in turn related to the
light intensity through the photoresponBeThis quantity is
defined by the ratio between current intensity and light in-
tensity, i.e.,

) Pl
J phzmv (83)
wherel is the separation of the electrodes. Once the lifetime
and the generation rate are known, the number density of
electrons is obtained from EqQ1).

We have focused on the case studied in Ref. 4. In this
paper, the photoconductivity of porous Ti®ms sensitized
with PbS is measured under several degrees of illumination
ranging from 0.8 to 1uW/cn?. The thickness of the films is
1 um and a voltage of 100 V is applied between two elec-
trodes separated 3Q@m. For these films, the photoresponse
measured at 500 nm is 380 2 AW 1 m?,

In order to obtain the volume generation rate from Eq.
(B1) we need to know the absorption coefficient of PbS-
sensitized TiQ at 500 nm and the fractioR. We have taken
a,=7.2x10* m~! from a comparison of data in Ref. 4 with
the measured absorption coefficient of unsensitized it

steady-state illumination, we start from the following expres-r =0.3%° The volume generation rates obtained from these

sion for the volume generation rate

data are shown in Table II.
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