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Carrier transport in nanoporous TiO , films
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Recent results on electron transport in nanoporous Tii@s with gas-filled, insulating pores are evaluated.
Measurements on Pt/T§Bchottky barrier structures indicate a barrier height of 1.7 eV, compatible with an
electron affinity of 3.9 eV for the Ti@films. Below ~300 K, tunneling transport through the barrier occurs,
resulting in barrier lowering effects. Carrier drift mobilities, recombination lifetimes and their dependence on
injection level in TiQ are reported. It is found that the mobility-lifetime product is independent of injection
level, while drift mobility and recombination lifetime change strongly with injection. All experimental findings
are discussed in terms of two different transport models, one based on trap filling, the other on the screening
of potential fluctuations. The trap filling model appears as the more plausible model. Comparison with recent
experiments on nanoporous films in contact with electrolytes indicate that the transport and recombination
mechanism is qualitatively similar for the two cases.

INTRODUCTION behavior is comparable. The results will also be discussed
with respect to transport models for films with conductive
Porous nanocrystalline semiconductors have attractegores.
considerable interest in recent years due to their excellent
performance in applications for gas sensing, catalysis, pho- PREPARATION
tovoltaics, light and laser emission, and electrochrorish. L e . .
; ) A The TiO, film preparation uses a sol-gel technique based
While several device applications have already been demon- . . S o
; .on a TiQ, collloid. The colloid is prepared from titanium
strated, the schemes of electron propagation and a quantita- . . o
. . |§opropoxyde and isopropanol in water. For the peptization,
tive evaluation of the transport parameters have so far not.. = S S
. nitric acid is added. Subsequent boiling induces the crystal-
been completely established. The present paper addressies

this issue and evaluates experimental results of carrier trans'-Zatlon of TiGp, particles and the evaporation of organic

. e . . , < "Bomponents$! 13 Anatas crystallites with average diameter
port in porous TiQ films, in which the pores are filled with S ;

i ) . . X as small as~10 A can be prepared in this way. Crystallites
an insulating medium, i.e., air or )N The samples are

Schottky barrier diodes with the Ticilm sandwiched be- with size below 1um are monocrystalline and have fairly

) .. compact shape.
tween an ohmlc_Sng_:back contact and a metal top prowdmg Anatas TiQ films are prepared from these colloidal sus-
rectification. This simple device structure allows to obtain

A . X . ensions using a room temperature spin coating prdcess.
quantitative |nS|gh_t into the electronllc properties of the ma'gxfter depositiogn the films arg heated ch))r several gm[i)nutes at
terial and the basic features of carrier transport. Our resulttsem eratures around 450 °C. Deposition and heating cvcles
show that the carrier mobility and recombination kinetics P - —ep g cy

: - are repeated until the desired film thickness is obtained. A
strongly depe”d on the trap occupation. These findings Afnal sintering step is applied at temperatures-&50 °C and
explained in two alternative transport models, based on tra

filling and electric screening of internal potential fluctua- Pesults in porous ceramic-type films consisting of 4080 A
9 g P diameter anatas crystallites with a pore volume-&0%. In

tions. While both models describe the experimental datgy o o severalum thickness the inner pore surface is typi-
well, .|t is proposed that the potential fluctuations model 'Scally a few hundred times larger than the plane projection.
Ies;cl)lrléeul)s/ t%gpr;il?/n'qs filled with a conducting medium The Schottky barrier structures are prepared on .SnO
9 ' _coated glass that provides the ohmic back contact to the
'{'iOZ. Vacuum evaporated Pt dots ef3 mm diam and a

mainly electrolytes, have also attracted interest due to the
use in highly efficient electrochemical solar céllfn this typical thickness of 150 A establish the Schottky barrier con-

application the pore surface is covered with an ultrathin Oact on top of the films. Electron micrographs indicate that

ganic dye-layer and contacted with an electrolytic solutlon}(he Pt layer covers the top surface of the nanoporous film as

which penetrates the pore structure. The experimental Work™ . nected film. Pt penetration into the film is not ob-

indicate$*°that in this configuration the electrolyte screens S
L - -~ ~served and to a good approximation the contact geometry
any electric field within the porous structure and establlshe%an be considered as planar

diffusion conditions for the carrier propagation. Apart from
the screening, the electrolyte is likely to affect the grain sur-
face also by chemical effects, and may influence the elec-
tronic equilibrium within the grains by charge transfer from  Figure 1a) shows the current-voltage characteristics in

the electrolyte. Thus, while in these electrolytically contactedthese devices. The observed strong rectification clearly indi-
devices the Ti@ material itself is quite similar to the mate- cates that an efficient Schottky barrier is established. As dis-
rial used here, it is not clear to what extent the transportussed previousl} the current response to changes in the
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FIG. 1. (a) Current-voltage characteristics of

<z
*
=z
—_ 2 .
= T g 107f air 1 SnG, /TiO, /Pt Schottky barrier samples. Solid
‘é 4 a * . data points were obtained in lab air ambient at
E 1 & 107% El standard conditions, open symbols refer to dgy N
S 1 ® ambient.(b) Temperature dependence of the satu-
g 107 N, T ration current in aifsolid symbol$ and driedN,
T o F E,=1.7eV ° o (open symbols Towards highefT tunneling be-
T t } } } comes less important and an activation energy of
25 26 28 3 32 34 ~1.7 eV can be extracted.
Voltage (V) 1000/T (K')
(a) (b)

applied potential is very slow, indicative of slow carrier sion transport model the barrier height can be determined
transport and a slow trap filling process. For the measurefrom the saturation current by usitig

ments in Fig. 1a) the voltage scan period is typically several ) o
minutes to ensure stationary current flow. The details of the _{q DNc[g(Vhi—V)2N D} }exp{ B q<1>> @
0_ 1
kT

I-V characteristics strongly depend on the gas ambient. This kT
dependence is, of course, the basis for the gas sensing capa- . . e .

bilities of the material. Fig. () shows the variation in the v%ereq IS the electron pharg@ IS the.d|ffu5|V|ty,Nc Is the
[-V curves for dried N and lab air ambients. Although the conduction band density of states, is the built-in poten-

differences in the electrical behavior are large, qualitativé“al’ andN the donor density. At low temperatures tunneling

features of rectification, exponential forward currents, anc}hmth.the barrier may set in, therefore the activated _behav-
low reverse currents are maintained. The observed differo" p.red|cted by Eq(2) sho_uld be mo;t pronognced at h|gh.er
ences can be explained in terms of charged surface statgs Figure 2b) confirms this expectation, activated behavior
induced by the adsorption of 0 02, and HO.55-17 De- IS found only at elevated temperatures, while for lowehe

spite the magnitude of the ef%ects s,hown in F.iga),lit is data show a much weaker temperature dependence for both,

thought that the qualitative conclusions drawn from the ex—'\|2 and lab air ambients. In the high temperature regime one

periments remain valid for a wider variation of gaseous am finds a barrier height of approximately 1.7 eV. In agreement

bients, and, as will be pointed out below, even for cloctro With previous reports on this materiale attribute the dif-

lytic ambients. Quantitative aspects of the analysis resentf rences mainly to water adsorption. Apparently, in the dry
IVHC ' Pes i 1YSIS preser , ambient, particularly after a moderate heat treatment, the
in this paper, however, are restricted to films in lab air with

'V characteristic as in Fig. (&). grain surfaces have less water adsorbed, the material there-

The data of Fig. 1 allow a basic description in terms of thefore exhibits more intrinsic electronic properties with a low

. . - . conductivity and a Fermi-level near midgap. As a conse-
Schottky bfﬁ‘”‘?f height, th? electron affinity of the @nd ._quence, the barrier depletion region is wide and electron
some qualitative conclusion on the transport mechanis

across the barrier. Below0.8 V forward bias the current is ntqransport involves thermal activation across the barrier. In

found to have only a small temperature-dependence, indica{§1b air there s partial adsorption o8 in the device, which

) . ; : results in an increased defect density®a larger conductiv-

ing that the transport is due to tunneling or a metallic IeakagtlaTy due to charge transfer and thus a narrower depletion re-
path. The current increase is exponential in the forward bias’ .

range,~ 0.8 V<V,<2 V, and we atiribute this behavior to amn. The electron transport over the barrier then looses out

transport across the Pt-Schottky barrier. fg>2V one

&

s 1 L
observes a nonexponential, superlinear current-voltage de- -? 102 T
pendence, indicative of double injection from the two con- @
tacts. For the Schottky-barrier regime one expects the current 2~ 104
to be given by £3
- o'
5 "% -
. eV @ 5 i &
=3 1) . T 4
8 i ;
wherei is the current], is the reverse saturation currekt, - ‘0'2';' < kR
the applied voltage) the diode quality factolk Boltzmann'’s £ ooy T s

constant, and the temperature. Typically, diode quality fac- 1.5 2 2.5 3 3.5 4
tors aroundh~2.5 are observed. Extrapolation of the expo-
nential region to zero voltage gives the saturation current,
Jo, Whose temperature dependence allows a determination of F|G. 2. Photocurrent response sprectrum of porous, Ti@s
the barrer height®. Due to the low-carrier mobilities in  showing two exponential tails with characteristic energles

these nano-crystalline films, diffusion theory is applicable=78 meV andE,=200meV. The arrow indicates the band-gap
for the evaluation of the current-voltage curves. In the diffu-energy.

Photon Energy (eV)
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against defect-assisted tunneling through the barrier with a
much weaker temperature dependence.

TiO, belongs to a group of polar insulators which exhibit
little or no Fermi-level pinning, and it is therefore possible to
obtain an estimate for the electron affinity from barrier
height measurements. Using 5.6 eV for the Pt work
functiont® and 1.7 eV for the TiQ/Pt barrier height, one
obtains an electron affinity 0£3.9 eV for the nano-porous
films. This value agrees well with estimates for porous films
from electrochemical experiments and with results for anatas
single crystalg®

Figure 2 shows the photocurrent spectrum of the Schottky (
barrier devices in reverse bias. The photocurrent is attributed
to electron transport, since it is well-known that the hole
mobilities in anatas TiQare extremely small. The response
in the region, Zhv<3.3eV, gives clear evidence for the
existence of localized states in the band-gap region. For en-
ergies between 3.1 and 3.3 eV the spectrum exhibits a steep
exponential tail with a bandtail parameté&z=78 meV. At
lower energies there is a broader tail, whose energy depen-
dence is also exponential with a paramete;=200 meV.
This deep tail extends down to midgap energies. Since the
photocurrent depends on the transition matrix element and
the quantum generation efficiency, the data cannot easily be
transformed into a density of states or an absorption coeffi- (b) Reverse Voltage (V)
cient. Some qualitative conclusions can, however, be drawn
from Fig. 2. Photoconductance tails, as observed here for FIG. 3. () Recovery transients obtained on Ti®t Schottky
nano-porous TiQ are most pronounced in amorphous andb?‘”i?r devices. Th_e diode is switched from stegdy-state forward
glassy material%}’zzbut can also be observed in high-quality bias into reverse bias, the reverse current transient is pldibed.

single Crystal§.3 They are a sensitive indicator of structural Recovered charge vs. reverse voltage determined by integration

or thermal disorder effects. In glasses and amorphous Sem?yer the transients. The solid lines are least-square fits tq3q.

conductors the tails are of the order of 100 meV while in'o" the determination of the.7 product(Ref. 14.

crystals, they are much narrower, typically only a few meV.pand states and localized tail states occurs near the band edge
In TiO, anatas and rutile crystals the tail parameter-B5  energy, as is indicated by the photoconductance spectra of
meV as determined by Tarf§.The experimental work in Fig. 2, the bandtails would comprise approximately
Ref. 24 suggests that the tails result from a disorder-induceg?l cy~3 states. Starting from these basic considerations
superposition of exciton lines. In the crystals the transitiongnq experimental results published by us eatfexe will
between the band and the tail region lieskaf=3.42€V,  set up a simple model for the description of carrier transport
which agrees with the value found in our films. It is likely in the nanoporous films. The experimental results were ob-
that structural disorder on the grain surfaces and interfacegined from junction recovery experiments under steady-state
gives rise to the enhanced broadening in the nanoporous Mgsyward bias conditions. The method and its application to
terial. Since the tail states are localized, the depth of thq—io2 have been discussed in detail'frt®-2°For the inter-
bandtail has a profound effect on the electronic transporpretation of these results a brief outline of the experiment
properties. From extensive work on glassy and amorphougji pe given next: The Schottky diodes are first biased in
semiconductors it is known that a transition to dispersivéonward direction for sufficiently long times to obtain steady-
transport occurs as the tail parameter becomes larger than thgyte conditions. Under the forward current flow excess elec-
measurement temperature. WiEg~80 meV one may there- {ons and holes are injected into the device where they re-
fore expect some similarities in the transport properties becompine. Under appropriate conditidhithe forward current
tween these nanocrystalline films and amorphous materialsdensity is given simply by=Q, /7, whereQ, is the excess
injected charge and the recombination lifetime of the in-
TRANSPORT EXPERIMENTS jected cgrriersQO is r_neasured by a fast switching into re-
verse bias and an integration over the current transient,
While in crystalline TiQ electron mobilities around 15 which results from the depletion of the diode. Figur@)3
cn?/Vs and hole mobilities in the 10° cn?/Vs rangé® have  shows these extraction transients on a logarithmic scale. The
been measured, our results and more recent investig&tionssolid line indicates the contribution due to the geometric ca-
indicate that in porous films the electron drift mobilities are pacitance, which can be determined independently and must
below 10 *cn?/Vs. Hole drift mobilities in nanoporous be subtracted to obtai®,. The transients exhibit non-
TiO, have so far not been reported and are likely to be everxponential time dependence typical for dispersive transport
smaller. Band structure calculations indicate that the densitgonditions. When the extraction of the excess charge is faster
of states in the conduction band is of the order df  than the recombination process, practically all excess carriers
~10%2cm 3eV 1.2 When the transition between extended can be collected. When the applied reverse voltage is only

Iog10 (Recovery Current/A)
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weak, part of the excess charge recombines during extraevherev is an attempt-to-escape frequency, such that carriers
tion. A simple analysf predicts the voltage dependence of from deeper traps are depleted at later times than the more

extracted chargeQ, to be given by, shallow carriers. During the emission time
wrV L2 t=v" texp E/KT), (6)
Q=Qo7z |1 ex;{ Y, 3

a slice of trapped carriefsT wide atE is emitted and col-
with w the drift mobility, 7 the recombination timel. the  lected. This suggests to define a thermalization edge for the
device thickness, an¥f the reverse voltage. By measuring depletion proces£(t) =kT In(st), which separates the emit-
this dependence Fig. (I3 one determines the mobility- ting traps from the deeper ones with frozen-in carriers. Ini-
lifetime product,ur, and then calculates the drift-mobility, tially, when the thermalization edge is abd¥gr, the emis-

. Figure 4 summarizes the experimental results in terms ofion current is given by

these transport parameters. The evaluation shows that#the

product is approximately constant at10~*°cn?/V, while . dng[E(t)] .
the recombination lifetime and drift mobility strongly depend (1) dt a(vt) @)
on injection level. Typical values for the drift mobility are in
the range, 10’ <u<4x10 *cn?/Vs. while for later times, when the thermalization edge is below
Err, the emission current is given by
ANALYSIS AND TRANSPORT MODELS
dng[E(t) ] a1
Next, we discuss two alternative models to explain these ()= T“(VU . ®

findings, one explanation involving trap filling as the under-
ling mechanism, while the other is based on the screening dfhese two time regimes are clearly apparent in the experi-

internal potential fluctuations. mental data of Fig. @), and an analysis of the data shows
that for both regimesq=0.4+15%. It follows that the pa-
TRAP-FILLING MODEL rameter for the conduction band tail Ey,=62+10meV.

. ] ] This value is consistent with the Urbach tail of Fig. 2, since

The trap-filling model assumes that in forward bias thepoth valence and conduction band tails contribute to the
trgp states are fllleq with excess carriers, and mgltlple trapyrhach tail, andE, should therefore be larger than the con-
ping as the predominant transport mode. Tunneling as a rggction bandtail parameter alone. Since in the deep states the
combination or transport mechanism is neglectef. The  carrier distribution is simply given byN(E), the model
extraction kinetics is explained in terms of a transport pro-yi5o predicts that towards long times the recovery transients
cess where the limiting step is the thermal emission fromypqauid fall on a common curve. A comparison to the experi-
localized state&*?® The trap states relevant for the transport mental results shows that this is borne out by the data. Only
are the bandtail states and have a distribution given bye transient obtained for a forward current of 28 departs
N(E)=No exp(—E/Eq) with No the density of states at the oy this expectation, but it may be expected that the ap-
band edge and,. the conduction bandtail parameter. The proach will occur at later times, sin@& for i =20 uA lies
band edge is dE=0 and the bandtail lies at negative ener-;, very deep states.
gies. For a description of the experimental data it is useful to  The model gives a straightforward explanation to the
distinguish between shallow and deep trap states. For the,rrent-dependent mobility behavior. The drift mobility is
shallow states thermal emission to the band edge is fast@fafined as an average taken over all injected excess carriers
than recombination and the occupation of the shallow stateg,q is therefore given byy= N /Ny When there is no
is therefore a thermal equilibrium distribution. For the deepaqgitional recombination path and the recombination process

states recombination is more likely than thermal emissiorbmy involves transport in band statéss assumed the re-
and their occupation is therefore determined by the recombisgmpination time is given by= rgn,./n, where 7y is the

nation kinetics. The transition energy between the two 0CCUfree carrier recombination tin2.It is noted that under these

pation functions is the trap quasi-Fermi-levBlzr, which  conditions 7 is constant, as observed in Fig. 3. Since the
depends on the injection rate, i.e., forward current. For foryaiiq . /n, . changes with the filling of trap states, it is clear
ward bias the carrier distribution in the shallow states of thgpat the mobility and recombination time depend on the in-
tail is given by, jection level. For the exponential bandtail distribution, it can

be showrt*2that the ratio between the free carrier density,

ny(E)= yN, exp( EFT/kT)eXF{(a_ 1) %} (4) n¢, and the total injected carrier densityy,, is given by

Niot
KTN;

(€)

1
while the deep carrier distribution in the tail is given By, ﬁw(i) :
2—«

(1-a)la
Niot )

5 In our casen, is given by the stored chardg, therefore the
consistency of the model can be checked with the experi-
wherea=kT/E,. andy is the occupation factor of the deep mental data, i.e., Eq.7) offers a second way for the deter-
traps. In the extraction process the rate limiting step for themination of «. The experimental data indicate-ig-o.s and
collection of these carriers is thermal emission. A trap atQ~iroa. It follows that7~Q~1°and therefore from Eq9),
energyE has an average emission tintes v~ expE/KT), a=0.4, which is in good agreement with the kinetic results.

Oc

E
ng(E)=yN(E)=yNg exl{E— ,
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FIG. 4. (8) Summary of experimental results from junction-

recovery measurementspen symbols and numerical fit to the (b) Electric Field (kV/cm)

data on the basis of the multiple trapping model. The main model o

parameters are given in the insé) Same aga) for the potential FIG. 5. (a) Logarithmic plot of the current-voltage dependence
fluctuations model. for coplanar strip contacts, strip separation %00, strip length 10

mm, film thickness 5um. (b) Linear plot of the current-voltage

. dependence in the 1®&/cm range for two samples, showing super-
The combination of all results allows a nearly complete|inaar behavior.

determination of the model parameters. The only remaining
adjustable parameter ¥y. As mentioned above, however,
from band-structure calculatiorid, can be estimated to be
of the order of 1&cm 3. The data in Fig. 4 were therefore ~ The observed mobility changes can also be explained in
fitted by takingN.=10?2cm 3. The obtained results for the terms of a different model, based on the screening of poten-
free carrier mobility, uy, the free carrier recombination tial fluctuations by excess carriers. Statistical arguments, first
time, 7o, and the band tail paramet&g, based on this as- proposed by Xkle 3* account for the occurrence of potential
sumption are shown in Table I. The solid lines in Figa)s fluctuations as a result of localized charges associated with
result from this set of input parameters. It is seen that théoint defects and impurities. Potential fluctuations are there-
experimental results can satisfactorily be described. The frefore of particular relevance in compensated mateffai§,
carrier mobility of 2.4 créVs is of the same magnitude as in since these have low thermal carrier densities and a large
TiO,.2° This suggests that the nanosize grains are of gooumber of charged impurities. For the porous films used here
crystalline quality. The free carrier recombination timg, ~ compensation effects may be relevant since O vacancies in
is found to be in the picosecond range, indicating fast capturthe bulk give rise to positively charged centers, while

POTENTIAL FLUCTUATIONS

of free carriers into the trap states. surface-adsorbed species are known to act predominantly as

electron traps, and do thus exert a compensating influence.
TABLE |. Fitted parameters from trap filling model. . In the fpllowing, J:Ekle’_s model will be applied for an

interpretation of the junction-recovery results. For a given

Band tail parameteiEq, : 62 meV charged impurity concentratioll, and a mobile carrier con-

Free carrier mobility g 2.4 cn?iVs centration,n, the mean amplitude of the potential fluctua-

Free carrier recombination timey : 25 ps tions Is given b§4

DOS at mobility edgeN,: 1072 cm3ev?

A=1.28q/eeo)NYIN/n)Y3 (10




11 062 R. KONENKAMP PRB 61

TABLE II. Fitted parameters for potential fluctuations model. a planar contact arrangement. One would expect that the su-
perposition of an external field results in a lowering of the

Charge defect densityy: 1.5x10%cm eVt average barrier height in the direction of the current. The
Free carrier mobility uo: 3% 10 “cnt/Vs field induced barrier lowering would result in an increased
Free carrier recombination timey: 200 ns drift mobility and thus a superlinear current-voltage depen-
Dielectric constants: 30 dence. Figurd5) shows |-V plots covering electric fields up

to several 10V/cm. The data were taken in the dark, where
the field strength due to potential fluctuations is smallest.
Part(a) of the figure indicates that below 49/cm the de-

A=0.280"Y3(N/n)153, (11)  pendence is accurately ohmic, while abové \t@m there is

a clear superlinear rise in the current, which—

where eg, is the permittivity of the porous Ti9 ande  ynfortunately—soon leads to irreversible breakdown in the
~30 was used. Thus both, the average amplitude and th@m. The superlinear regime is shown in a linear plot in part
spat_ial exter_1$ion qf the po'gential fluctuations dep_end on.th@o)' It is noticed that the superlinearity is accompanied by
carrier densityn. Since carriers trapped at bandtail energiesgm | irreproducible variations in the current density, which
have emission times that are short compared to the timeg,aq to scatter in the data. These temporal variations may be
that are necessary to establish stationary currentsgs to pre-breakdown phenomenon. While the superlinear behav-
comprise the carriers trapped in the bandtails and free carrjgr is compatible with the existence of potential fluctuations,
ers in the band states. Thus for the'screemng, all of the rehere are also several other effects, such as space charge
covered chargen,,, has to be considered. The model as-jnjection, dielectric breakdown and filament forming effects
sumes that carrier transport and recombination involvey the porous network, which can all give rise to superlinear
thermal activation across barriers which are approximatelyrrents. It would be worthwhile to study this behavior in
half the size of the average potential fluctuations. The drifinqre detail, but it will certainly remain a difficult task to use
moplllty anq reco'mbmatlon time will then depend on an ef-ihase data to discriminate between different transport mod-
fective barrier heightA/2, as els. At present it can only be stated that unequivocal experi-
mental evidence against potential fluctuations in the porous

and the screening length for the potential fluctuations is

K= po €XP(— AJ2KT) (12 TiO, could not be established. It is noted, however, that the
and charged defect density derived from the potential fluctua-
tion model is surprisingly large. Neither optical nor any other
7= 10 €XP(A/2KT). (13 experiments give evidence for the presence of such large

) ) o deep defect densities in the nano-porous films. It is also dif-
The bgrner he|gms/2 thus takes a similar rolg as 'Fhe rap ficult to give a straightforward physical explanation to the
depth in the multiple trappln_g m_odel. The phy5|_cal dlfferen(_:e|ow free carrier mobility suggested by the model, and the
between the two models lies in the mechanism of barriegomnaraply large free carrier recombination time. In fact,
lowering. In the trap-filling model, the average trap depthgecay kinetics much shorter than 200 ns have been observed
decreases due to the filling process. This results in a changeg time-resolved photoconductance measurements, but these

ratio of free and trapped carriers, which in turn leads to anagt decays have been attributed to trapping in shallow states
increased drift mobility for increased injection. Since the re- 5iner than recombination in deep centérs.

combination is transport limited, the recombination time de-
creases in reciprocal fashion. In the potential fluctuation
model, the barrier lowering results from screening by the
injected carriers, which also leads to an increase of the drift
mobility at higher injection levels, and a lower recombina-  We have carried out an analysis of transport experiments
tion time. on nanoporous Ti@films with gas filled pores. Schottky-
Sincen, u, and 7 are experimentally accessible, the prob-diode structures in lab air ambient were used for these ex-
lem is well-defined. The solid lines in Fig.(§ show an periments. These are characterized by a barrier height of 1.7
evaluation of the experimental data in terms of the potentiakV at high temperatures. At room temperature the Schottky
fluctuation model, taking:=30 for the porous TiQ The contact still exhibits excellent rectification, but the effective
available data giveuo=3x10 *cméVs, 7,=200ns, and barrier height is lowered, likely due to tunneling conduction
N=1.5x10¥%cm 3. The barrier heights lie in the range, through the tip of the barrier. It was shown that junction-
100 me\< A<400 meV, typical screening lengths are be-recovery results allow a quantitative description of carrier
tween 100 A and 1000 A, and typical electric field strengthstransport and recombination kinetics in these Jiins. The
due to the potential fluctuations are severdl\t@m. Figure  results relate to steady-state injection conditions. These con-
5(b) shows that the experimental results are well reproduceditions are different from those of time-of-flight experiments,
by the model. Since potential fluctuations are also quite conwhich are non-steady-state conditions and usually relate to
sistent with the exponential tailing of the band edy&they depleted diodes. Here it was shown that a satisfactory de-
need to be considered for the transport in nanoporous. TiO scription to the experimental data can be given either in
The model parameters are summarized in Table II. terms of a trap-filing mechanism or on the basis of a
Probably the most straightforward method to obtain addi-potential-fluctuations model.
tional evidence for their existence is from the current-voltage From current-voltage measurements the existence of po-
behavior under ohmic contact conditions, using, for exampletential fluctuations could not be excluded. The model pre-
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dicts, however, the density of deep charged states to be imansport conditiong’ it is possible to compare the diffusion
excess of 1cm 3, which appears excessively high. We and drift parameters for the two sets of films. The analysis
therefore prefer the trap-filling model. This model suggestshows that the diffusion results agree well with~i¢,

the following picture for the carrier transport in the nano-t~i~“ and u 7~ constant with only marginally different val-
crystalline films: Similar to the case of amorphous semiconues for the power exponent. This finding strongly suggests
ductors, the carrier transport in the nanoporous films ighat the transport model derived in this paper for films in dry
dispersive:'*" involving a trap filling mechanism in an ap- ambients may also be applicable in films with conducting
proximately exponential bandtail. The values for the free carpores. The main difference between the two types of samples
rier mobility and recombination lifetimetimes are 2.4%%s  would then be the numerical value of the relevant param-
and 25 ps, respectively. It appears that the transport withieters,uy, 79, anda. Further confirmation of this hypothesis
the grains is fairly efficient, and it is therefore suggested thais obtained from a recent paper by NelSbwho applies a

the trapping occurs in interface and surface states. For mndom-walk model based on trapping for the description of
grain diameter of 100 A or less, one finds that the surfacgransport in electrolytically contacted TjOThis congruence
state density becomes comparable to the observed bandtail results suggests that the propagation kinetics in the two
density of states. Only for the highest injection levels thetypes of films is qualitatively similar, involving in both cases
mobilities are compatible with the electron diffusion con- bandtail states and transport-limited recombination condi-
stants in films whose pores are filled with electrolyté$. tions. SinceE,, Eq., anda are the parameters that describe
This finding may partly be due to differences in grain sizethe trapping distribution, these may be considered the rel-
and constituency between the different sample sets. Beyorslvant quality parameters for a comparison of different sets of
this more trivial explanation it appears possible, howeverfilms. While the presented transport and recombination
that the charge transfer at the electrolyte/Ti€ntact in- model is able to describe the experimental findings, it treats
duces trap filling in the Ti@Q and thereby improves the the porous structure as an effective medium, and does not yet
transport behavior. The electrolytic contact may also provideaccount for details in the topology of the structure. This ap-
electrochemical surface passivation, and thereby reduce thproach appears justified as long as the connectivity among
surface state density as a whole. Recent work on electrolytigrains is sufficiently large, as in indicated by electron micro-
cally contacted films finds the diffusion length not to be de-scope results on our films. The approach may, however, be-
pendent on the illumination level, while the diffusion con- come problematic in the limit that the connectivity among
stant and the recombination time depend on illuminationgrains is small, and percolation becomes the rate-limiting
level 3 Since the Einstein relation, which relates diffusion transport step. For this case it may be necessary to employ a
and drift parameters, is valid also for the case of dispersivéopological model for the carrier propagation.
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