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Photovoltage in nanocrystalline porous TiO2

V. Duzhko, V. Yu. Timoshenko,* F. Koch, and Th. Dittrich
Technische Universita¨t München, Physik Department E16, D-85748 Garching, Germany

~Received 7 August 2000; revised manuscript received 1 March 2001; published 26 July 2001!

Transient and spectral photovoltage~PV! is investigated in nanocrystalline porous TiO2, which belongs to a
class of materials with a very low electrical conductivity, i.e., with a huge Maxwell relaxation time. The PV in
such materials is caused by diffusion of excess charge carriers with different diffusion coefficients. Usually, the
diffusion coefficient for electrons is larger than that for holes in porous TiO2. The PV transients are strongly
retarded in time with respect to the exciting light pulse. The retardation of the photovoltage transients becomes
stronger with decreasing size of the interconnected TiO2 nanoparticles and generation of defect states. The
band gap of porous TiO2 ~rutile, anatase! and the preferential formation of electron traps below the band gap
are analyzed.
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I. INTRODUCTION

A photovoltage~PV! arises whenever light induced exce
charge carriers are separated in space. Therefore, the fo
tion of a PV signal is determined by the fundamental pro
erties of light absorption and transport of excess carriers
semiconducting material. PV spectroscopy and transient
can be used not only for characterization of new mater
but also for getting new insights into the mechanism of f
mation of PV signals in nonconventional semiconductors

Semiconductors can be divided into materials with a v
low or a very high Maxwell relaxation time (tM5««0 /s,
where« is dielectric constant,«058.85•10212 As/Vm, and
s is electrical conductivity! with respect to the time of mea
surements. Conventional semiconductors~high mobility,
relatively high free-carrier concentration! are characterized
by very low values oftM while tM is huge for some new
classes of semiconducting materials as semiconducting p
mers, porous semiconductors and dielectrics, or metal ox
as ferroelectrics. The big differences intM cause different
mechanisms of PV formation. The surface PV~screening of
the built-in electric field by excess carriers!1 or so-called
Dember PV~due to ambipolar diffusion with different diffu
sion coefficients for excess electrons and holes!2 are well
known for conventional semiconductors. The motion of e
cess electrons and holes can be considered as diffu
which is independentfrom each other for timest!tM . This
leads, if the diffusion coefficients for excess electrons a
holes are different, to the formation of the so-called diffusi
PV. Recently, we demonstrated some common feature
transient diffusion PV in poly(p-phenylene vinylene!3 and
porous semiconductors.4 Kronik et al.showed by contact po
tential difference measurements the importance of diffusi
like transport for the formation of the PV in CdSe quantu
dot films.5

Porous TiO2 belongs to the class of materials with ve
low values ofs.6 Porous TiO2 is characterized by the com
plicated structure of a sintered network of TiO2 nanoparticles
and by an enormous internal surface area.7 The optical band
gap (EG) of TiO2 is 3.06 eV,8 ~rutile! and 3.2–3.7 eV Refs
9–11 ~anatase, depending on the preparation and meas
ment conditions!. The surface of porous TiO2 can be easily
conditioned by changing the gas ambience. The diffus
0163-1829/2001/64~7!/075204~7!/$20.00 64 0752
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coefficient of excess electrons has been obtained from t
sient photocurrent measurements on porous TiO2 immersed
in electrolyte.12 The electron drift mobility in porous TiO2,13

is 5–6 orders of magnitude lower than the electron Hall m
bility in TiO2 ~rutile,14 anatase15! ands depends strongly on
the partial pressure of oxygen.6 However, the basic mecha
nisms limiting the electrical transport in porous semicond
tors are not well understood up to now.

In this work we develop and apply the concept of diff
sion PV to the problem of optical absorption, electronic s
face states and transport of excess carriers of charge in n
crystalline porous TiO2 layers.

II. SAMPLES

Different pastes containing TiO2 nanocrystals of anatas
or rutile ~INAP GmbH! are used for the preparation of po
rous TiO2 layers. The glass substrate is covered with a tra
parent conducting SnO2:F layer. The porous TiO2 layers are
prepared by screen printing of the paste on the substrate
subsequent firing at 450 °C in air for 30 mins. The thickne
of the TiO2 layer is typicallyd54mm for the samples used
in the PV experiments. Some control experiments are car
out on samples withd from 1 to 12 mm and on different
substrates~glass without SnO2:F or mica!.

The TiO2 nanoparticles of different samples are charact
ized by Raman scattering and x-ray diffraction@Fig. 1~a! and
1~b!, respectively#. Characteristic modes appear in the R
man spectra at 143 cm21 (B1g), 447 cm21 (Eg), and 612
cm21 (A1g), which are well known for crystalline rutile,16

and at 145 and 640 cm21 (Eg), 399 cm21 (B1g), 516 cm21

~doublet A1g and B1g
), which are assigned to the anata

phase of TiO2.17 The third Eg mode at 198 cm21, which is
well resolved for anatase single crystals as a small nar
peak18 is seen only slightly for the porous TiO2 layer of
anatase~16 nm! but not for the porous TiO2 layer of anatase
~6 nm!. The mode at 198 cm21 disappears also for anodi
nanoporous layers of anatase for which disorder
important.19 As can be seen from Fig. 1 the porous TiO2
layers contain nanoparticles of only one crystalline pha
The average size~L! of the nanocrystals is determined fro
©2001 The American Physical Society04-1
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DUZHKO, TIMOSHENKO, KOCH, AND DITTRICH PHYSICAL REVIEW B64 075204
the broadening of the peaks in the angular x-ray diffract
dependence@Fig. 1~b!#, using the Debeye-Scherrer equati
L50.9(l/cosu•Du), wherel50.154 nm (Cu Ka line!, u is
the Bragg angle, andDu is the full width of peak at the hal
maximum.20 On the basis of this analysis the porous Ti2
layers of rutile with diameter of crystallites of 60 nm and
anatase with diameters of crystallites of 16 and 6 nm
distinguished. These layers are used in the PV experim
and denoted as rutile~60 nm!, anatase~16 nm! and anatase~6
nm!, respectively.

The porous TiO2 layers are investigated in a vacuu
chamber specially designed for the PV measurements. Th
prepared samples~ just after the annealing in air at 450 °C
are considered as ‘‘well passivated,’’ i.e., with low defe
density, as will be shown below. The porous TiO2 layers
stored in vacuum are characterized by losses of oxy
and/or water at the surface of TiO2 nanocrystals. Therefore
these samples were used to investigate the role of defec
the PV formation.

III. PHOTOVOLTAGE MEASUREMENTS

The PV measurements were carried out in the fix
parallel-plate capacitor arrangement that consists of
porous TiO2 layer on the substrate with SnO2:F, a 10-mm-
thick mica spacer and a semitransparent Cr-electrode ev
rated on a quartz homogenizer~Fig. 2!. The diameter of the
capacitor is 5 mm. This arrangement has the advantag

FIG. 1. Raman spectra~a! and x-ray diffraction angle depen
dence~b! for porous TiO2 layers of rutile~60 nm!, anatase~16 nm!,
and anatase~6 nm!.
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comparison to PV measurements with a Kelvin probe, t
the investigation of transient PV is performed on the tim
scale between 1 ns and 0.1 s. The time resolution is lim
to the short times by the high-impedance buffer~900 MHz!
and by the oscilloscope~HP 54520A, 500 MHz!. Charging of
the capacitor via the high resistance limits the measurem
to times less thanRC50.01–0.1 s.

A 1000 W Xe lamp with a quartz-prism monochromat
was used to excite the spectral dependent PV in the rang
1–4 eV. The light was chopped with the frequency of 20–
Hz. A N2 laser~photon energyhn53.7 eV, duration time of
a pulse 0.5 ns, maximal energy density per pulse about
mJ/cm2) with a dye laser (hn52.8 eV! was used for the
excitation of PV transients. The SnO2:F electrode served a
a reference electrode.

The PV spectra were measured by a lock-in amplifier
the cophased and phase shifted byp/2 photovoltage signals
(Ux and Uy signals, respectively! with respect to the
chopped light. A sample ofn-type crystalline Si was used fo
the calibration of initial phase of lock-in amplifier. The P
transient of this sample has a positive sign~excess electrons
move toward the bulk and excess holes move toward
surface in the electric field of surface space-charge regi!,
reaches the maximum value within the duration of la
pulse and drops almost to zero in microsecond range.
c-Si the PV spectra with respect to the illumination by lam
~chopping frequency 70 Hz! have a positiveUx signal and
Ux@Uy . The Uy-signal characterizes the phase shift b
tween the chopped light and the PV signal. An essentialUy
signal points to a slow increase and decrease of the PV si
in comparison to the half period of chopping. Some d
are presented as normalized amplitude (Uph

amp/F
5AUx

21Uy
2/F) and phase (tanw5Uy /Ux) of the PV signal.

The PV spectra are measured in the regime of weak exc
tion whenUph

amp depends linearly on the photon fluxF ~ex-
citation intensity divided byhn).

IV. RESULTS AND DISCUSSION

A. Transient photovoltage in well-passivated porous TiO2
layers

Figure 3 shows PV transients for porous TiO2 layers of
rutile ~60 nm!, anatase~16 nm!, and anatase~6 nm! in air.

FIG. 2. Experimental setup for the photovoltage measureme
4-2
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PHOTOVOLTAGE IN NANOCRYSTALLINE POROUS TiO2 PHYSICAL REVIEW B 64 075204
The excess carriers are excited with photons ofhn .EG .
The sign of the PV transients is positive. The positive sign
the PV implies that the photoexcited electrons move fa
than holes towards the porous TiO2/SnO2:F interface. No
PV signal could be detected forhn ,EG . The most striking
feature of these transients is their retardation in time, i.e.,
transient PV signal is roughly zero just after the laser pu
and develops within the following 0.1ms ~rutile! or 1 ms
~anatase!. The observed retardation of the transient PV d
fers drastically from the transient PV in crystalline semico
ductors that appears immediately with the exciting la
pulse. The built-in electric field induced by the discontinu
of the material at the top of the layer is very weak in poro
TiO2 due to its high porosity, enormous surface area,
negligible concentration of equilibrium charge carriers. T
retardation of the transient PV is caused by slow and in
pendent diffusion of excess electrons and holes. The grad
of excess electron and hole concentrations is caused by
homogeneous absorption of light with photons ofhn .EG .

The shape of the PV transients does not depend on
thickness of the porous TiO2 layers ~changes from 1 to 12
mm). Therefore, the diffusion length of excess electrons
holes is much shorter than the thickness of the porous T2
layers. As remark, the PV transients showed two nega
extrema in the case of illumination through the semitransp
ent SnO2:F back electrode. The first extremum at about
ns was related to separation of charge at the por
TiO2 /SnO2:F interface~injection of excess electrons from
porous TiO2 into SnO2:F) while the second one~in the ms
range! belonged to the diffusion PV. Control experimen
showed that the shape of the PV transient was independe
the used substrate in the usual case of illumination from
porous TiO2 ~front! side.

The intensity dependence of the PV signal in the ma
mum of the transients (UPV

max) is given in the inset of Fig. 3
This dependence is linear up to 0.3 mJ/cm2 and tends to
saturate for the rutile sample at higher intensities. The s
ration of UPV

max at high excitation intensity can be explaine
by a nonlinear increase of recombination losses~Auger re-

FIG. 3. Photovoltage transients for as prepared porous T2

layers of rutile~60 nm!, anatase~16 nm!, and anatase~6 nm! in air.
Inset: dependence of the maximum of the photovoltage on the
citation intensity for rutile~60 nm! and anatase~16 nm!.
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combination and bimolecular radiative recombination! with
increasing excess carrier concentration. A linear depende
of UPV

max on the intensity of the exciting laser pulse is e
pected for diffusion PV whereas for the Dember PV, a log
rithmic dependence would be expected. We remark tha
linear intensity dependence takes also place for surface P
crystalline semiconductors at very low intensity when t
excess carrier concentration is much smaller than
equilibrium-carrier concentration. This is not the case in o
pulsed PV experiments.

The increasing part of the diffusion PV transie
@Udi f f(t)# in porous TiO2 layers can be simulated by solvin
the one-dimensional diffusion equation for nonequilibriu
carriers of charge with different diffusion coefficients
electrons (De) and holes (Dh) and subsequent integration o
the electric field over the thickness of the sample:

Udi f f~ t !5
e

««0
E

0

dE
0

x

@p~j,t !2n~j,t !#djdx, ~1!

wheren(j,t) and p(j,t) are the concentrations of nonequ
librium ~photoexcited! electrons and holes, respectively,e
51.6310219 As and« is the effective dielectric constant o
the porous layer. The values ofn(j,t) andp(j,t) depend on
the excitation intensity, carriers recombination, trapping, a
diffusion. However the details of these process are
known for porous TiO2.

B. Spectral photovoltage in well-passivated porous TiO2 layers

Spectra of the PV amplitude as prepared for porous T2
layers of rutile~60 nm! and anatase~16 nm! in air are shown
in a semilog scale in Fig. 4. The inset compares the spec
dependence of (ahn)2 , wherea andhn are the absorption
coefficient and the photon energy, respectively, withUph

amp/F
for the porous TiO2 layer of anatase~16 nm!. The absorption
coefficient was obtained from the measurements of opt
transmittance of the porous TiO2 layer on thin glass sub

x-
FIG. 4. Spectra of the photovoltage-amplitude normalized to

photon flux (UPV
amp/F) for as prepared porous TiO2 layers of rutile

~60 nm! and anatase~16 nm! shown in a semilog scale. Inset com
pares the spectra of squares ofhn(UPV

amp/F) and ofhna for an as
prepared porous TiO2 layer of anatase~16 nm!.
4-3



lt
th
g
ca

e
ro

th
e
th

f
ar

d

se

o

ir
t
or
gly
ly
ay

eV

n
igh
th
o

m

en
h

pt
th

5

an
pe
e

n
io

to
to

s

r
for
ore
ion.

eak
of
i-
ure.

tral
d

are
w-

ilib-
at

nts

DUZHKO, TIMOSHENKO, KOCH, AND DITTRICH PHYSICAL REVIEW B64 075204
strate. The PV data shown in the inset of Fig. 4 are mu
plied with a constant to show them simultaneously with
absorption coefficient. The PV amplitude increases stron
in the region of the forbidden gap. The values of the opti
gap for rutile and anatase single crystals~ 3.05 eV Ref. 8 and
3.42 eV Ref. 9, respectively! are in good agreement with th
spectral PV measurements. The PV spectrum of the po
anatase contains a pronounced exponential tail, which
practically absent for the porous rutile. The energy of
exponential tail of the PV spectrum of the porous anatas
about 50 meV, what is larger than the Urbach energy of
exponential absorption tails in anatase single crystals~about
40 meV at room temperature9!. For comparison, the width o
Urbach tails is of the order of 78 meV for size of nanop
ticles of 4–8 nm in dense layers of anatase~photoconductiv-
ity measurements!21 and 65 meV for hydrogenate
amorphous silicon at room temperature~absorption
measurements!.22 Therefore, disorder is important in anata
nanocrystals.

We remark that a plot of (ahn)1/2 ~indirect transitions!
would give a value ofEG close to 3.2 eV that was als
sometimes reported as the band gap of anatase.23 However,
the conclusion that nanoporous anatase has direct or ind
gap cannot be strictly drawn since the approach of the plo
(ahn)2 is also conventional for amorphous semiconduct
for which the momentum-conservation rule is not stron
held.24 The plot of (ahn)2 vs hn was also used successful
for the analysis of the optical absorption of thin anatase l
ers prepared by spray pyrolysis for whichEG ranges between
3.56 and 3.75 eV.10

As shown above, in the spectral range from 3 to 3.5
the amplitude of the PV signal of prepared porous TiO2 lay-
ers follows the absorption coefficient. Taking into accou
the linear dependence of the PV signal on the excitation l
intensity, this fact, can be explained by a mechanism of
PV formation depending on the concentration gradient
excess carriers. According to our measurements of trans
tance in the porous TiO2 layer of anatase~16 nm!, the ab-
sorption coefficient is of the order of 105 cm21, i.e., the most
part of the light is absorbed in the porous TiO2 layer of depth
d54 mm. Therefore the PV signal arises due to the conc
tration gradient of excess carriers in the porous layer. T
makes the spectral PV suitable for the investigation of o
cal absorption in the case when only one mechanism of
formation of the PV signal is involved.

C. Spectral photovoltage in porous TiO2 layers with gap states

Figure 5 compares spectra of theUx and Uy signals for
anatase~16 nm! in air ~a! or under vacuum condition at 0.0
~b! and 0.001~c! mbar. The appearance of theUx signal@Fig.
5~a!# at 3.3 eV is consistent with the band gap of anatase
the presence of tail states below the band gap. The disap
ance of theUx signal at 3.7 eV is not caused simply by th
spectrum of the lamp but shows that charge separatio
much less effective than recombination for strong absorpt
The tails belowEG are much more pronounced for theUy
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than for theUx signal showing that trapping of charge in
electronic states in the forbidden gap contributes mostly
the retardation of the PV.

TheUx signal athn53.5 eV increases by about six time
after keeping the sample in vacuum atp5531022 mbar
@Fig. 5~b!#. Further, the spectral range of theUx signal for
the sample kept atp5531022 mbar is extended to lowe
and higher photon energies giving evidence, respectively,
generation of defect states in the forbidden gap and for m
efficient charge separation in the case of strong absorpt
Hence, the generation of electronic states belowEG can suf-
ficiently enhance the charge separation.

The Ux signal for the layer of anatase~16 nm! at hn
53.5 eV decreases twice in comparison top5531022

mbar after keeping the sample atp51023 mbar @Fig. 5~c!#
and the PV spectrum is dominated by a huge defect p
with maximum at 2.7 eV. Therefore, the concentration
electronic states belowEG increases strongly and the distr
bution of defect states broadens out with decreasing press
The Ux signal drops sharply and changes in the spec
range from 3 to 3.5 eV. TheUy signal arises at 1.5 eV an
follows mainly the mirrored shape of theUx signal but with-
out changing the sign. We remark that the PV spectra
further changing during prolonged storage in vacuum sho
ing that a long time is necessary to reach a chemical equ
rium between formation and annihilation of defect states
the surface of TiO2.

The change of the sign of theUx signal from positive to
negative is caused by the change of the diffusion coefficie

FIG. 5. Photovoltage spectra for as prepared porous TiO2 layer
of anatase~16 nm! in air ~a! and in vacuum at 0.05~b! and 0.001~c!
mbar. The spectra are measured for thex andy signals at the lock-in
amplifier.
4-4
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PHOTOVOLTAGE IN NANOCRYSTALLINE POROUS TiO2 PHYSICAL REVIEW B 64 075204
from De.Dh to De,Dh . A change of the sign of the PV
signal for the whole range ofhn ,EG could be realized for
the layers of porous TiO2 ~rutile! and porous TiO2 ~anatase, 6
nm! under vacuum condition. Figure 6 shows the spectra
Uph

amp/F and of the phase for the layer of porous TiO2

~rutile! in vacuum~0.001 mbar!. The defect formation in the
porous anatase is stronger than for the porous rutile and
process is even accompanied by formation of well-defin
defect band in the spectral range from 3 to 3.4 eV. The m
efficient defect formation in the porous anatase is proba
related to the smaller size of nanocrystals~larger internal
surface area!. Another possible reason for the defect form
tion in porous anatase is weaker bonding of oxygen in
elementary octahedron of that phase of TiO2.17

The discontinuity of the phase is located at the position
the band gap for the porous-TiO2 layer of rutile ~60 nm! in
vacuum. This means that electrons or holes are acceler
toward the back electrode forhn .EG or for hn ,EG ,
respectively. This means that electron traps are preferent
generated in porous TiO2 ~rutile! under vacuum condition
~see inset of Fig. 6!. It can be further concluded, with respe
to the PV amplitudes, that the diffusion coefficient of exce
holes moving in the valence band is lower but not mu
lower than that for excess electrons moving in the cond
tion band. The phase is shifted byp at 3.6 eV for the porous-
TiO2 layer of anatase~6 nm!. This blue shift ofEG by about
150 meV in comparison toEG for anatase~16 nm! is caused
by the quantum confinement effect25 and was also observe
by absorption and photoluminescence measurements on2
nanoparticles used for catalytic reactions.26 We remark that
the photon energy at which the sign of the PV signal chan
marks the mobility gap for the electrons.

The loss of oxygen leads to the formation of donor sta
in reduced TiO2.27 For rutile single crystals a peak wit
maximum position of about 0.7 eV below the conductio
band edge was measured by photoelectron spectroscop
reduced rutile and assigned to oxygen vacancies.28 The posi-
tion of the energy levels of the corresponding defect state

FIG. 6. Spectra of the photovoltage-amplitude normalized to
photon flux~a! and of the phase of the photovoltage signal~b! for
porous TiO2 layers of rutile ~60 nm! in a semilog scale unde
vacuum condition~0.001 mbar!. The inset depicts the formation o
the PV signal forhn,EG ~left side! and forhn.EG ~right side! .
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porous TiO2 stored in vacuum is expected to be in the sa
order of magnitude~some 100 meV below the conductio
band!. These states should be considered, in our opinion
electron traps leading to a change of PV forhn ,EG . The
PV signal athn ,EG practically vanished after adsorptio
of water molecules that demonstrated the role of water
the passivation of electron-surface traps. However, p
longed storage of porous TiO2 in vacuum caused non
reversible defect formation in the sample for which the P
signal athn ,EG did not vanish after adsorption of wate
molecules. They could be removed only by thermal anne
ing in air at temperatures higher than 400 °C. Further hea
reduced TiO2 crystals are dark.29 Therefore, the formation of
donor states is accompanied by the formation of deep de
states acting also as recombination centers.

D. Transient photovoltage in porous TiO2 layers
with gap states

Photovoltage transients are shown in Fig. 7 for poro
TiO2 layers of rutile~60 nm!, anatase~16 nm!, and anatase
~6 nm! with electron traps induced by the storage of t
samples in vacuum. The excitation of excess carriers
charge is performed withhn .EG @~a! and~c!, hn53.7 eV#
andhn ,EG @~b!, hn52.8 eV#. The sign of the transient PV
is positive forhn .EG and negative forhn ,EG . This is
consistent with the spectral PV measurements. The trans
PV signal is much lower for the excitation withhn ,EG
than for the excitation withhn .EG . This is not surprising
because the spectral PV signal athn 5 2.8 eV is lower than
the spectral PV signal athn53.7 eV by more than one orde
of magnitude.

The retardation behavior of the PV transients changes
matically after generation of gap states. The time of
maximum PV stored in the vacuum sample increases

e

FIG. 7. Photovoltage transients for porous TiO2 layers of rutile
~60 nm!, anatase~16 nm!, and anatase~6 nm! under vacuum con-
dition ~0.001 mbar!. The excitation of excess carriers of charge w
performed withhn53.7 eV ~a, c! andhn52.8 eV ~b!.
4-5
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DUZHKO, TIMOSHENKO, KOCH, AND DITTRICH PHYSICAL REVIEW B64 075204
about three orders of magnitude in comparison to
samples in air. An increase of the value ofUPV

max is not es-
sential.

The PV transient of the rutile excited withhn .EG
shows a pronounced shoulder at the shorter times (<1027 s!.
This part of the transient is similar with the growth part
PV transient in air~compare corresponding curves in Figs
and 7!. It means that the PV formation in submicroseco
scale is not sensitive to the defects created in the TiO2 under
vacuum treatment and shows that charge separation can
place also within one nanoparticle ofa21,d.

The PV transients do not decay purely by exponent
logarithmic law. A lifetime of charge carriers could be intr
duced for exponential decay while the recombination of s
cially separated charge could be used to describe a loga
mic decay.30 Therefore, we can describe the recombinat
process as recombination of spatially separated charge ta
into account transport process if the parameters of recom
nation are known. The diffusion length of photoexcit
charge carriers is lower than 1mm that allows to give only
an upper limit of De below 1025 cm2/s for the porous ana
tase. For comparison, with respect to the drift mobility
porous anatase one will get forDe a value of about
1027 cm2/s.13 The value ofDh should be even lower.

The presence of states in the forbidden-gap leads to
increase of the amplitude of spectral PV and to a much st
ger retardation of the PV transients. The creation of defe
would hardly increase the carrier lifetime. Therefore, the
ditional strong retardation of the PV transient gives evide
for a decrease of the diffusion coefficients, and the imp
tance of recombination for the decay of PV.

The size of the TiO2 nanocrystal and the porosity of th
sample can influence the formation of different kinds of el
tronic states. This question was not investigated in deta

*Permanent address: M. V. Lomonosov Moscow State Univers
Physics Department, 119899 Moscow, Russia.
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