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Photovoltage in nanocrystalline porous TiQ
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Transient and spectral photovolta@®V) is investigated in nanocrystalline porous Fi@hich 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. TiDe 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, Ti@noparticles and generation of defect states. The
band gap of porous TiO(rutile, anataseand the preferential formation of electron traps below the band gap
are analyzed.
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[. INTRODUCTION coefficient of excess electrons has been obtained from tran-
sient photocurrent measurements on porous, Tiimersed
A photovoltagePV) arises whenever light induced excessin electrolyte*? The electron drift mobility in porous Tig*3
charge carriers are separated in space. Therefore, the formig-5—6 orders of magnitude lower than the electron Hall mo-
tion of a PV signal is determined by the fundamental prop+ility in TiO, (rutile,}* anatas®) and o depends strongly on
erties of light absorption and transport of excess carriers in ghe partial pressure of oxyg&rHowever, the basic mecha-

semiconducting material. PV spectroscopy and transient PYisms limiting the electrical transport in porous semiconduc-
can be used not only for characterization of new materialgy s are not well understood up to now.

but also for getting new insights into the mechanism of for-
mation of PV signals in nonconventional semiconductors.
Semiconductors can be divided into materials with a ver
low or a very high Maxwell relaxation timer{,=¢ceq/o,
wheree is dielectric constants,=8.85 10" 12 As/Vm, and
o is electrical conductivitywith respect to the time of mea-
surements. Conventional semiconductdtigh mobility,
relatively high free-carrier concentratipare characterized

In this work we develop and apply the concept of diffu-
sion PV to the problem of optical absorption, electronic sur-
Yace states and transport of excess carriers of charge in nano-
crystalline porous TiQ layers.

Il. SAMPLES

as ferroelectrics. The big differences #y cause different
mechanisms of PV formation. The surface B¢reening of
the built-in electric field by excess carrigrsor so-called
Dember PV(due to ambipolar diffusion with different diffu-

parent conducting SnOF layer. The porous TiQlayers are
prepared by screen printing of the paste on the substrate and
subsequent firing at 450 °C in air for 30 mins. The thickness

sion coefficients for excess electrons and hdlese well  ©f the TiO; layer is typicallyd=4.m for the samples used
known for conventional semiconductors. The motion of ex-N the PV experiments. Some control experiments are carried
cess electrons and holes can be considered as diffusidiit On samples witid from 1 to 12,um and on different
which isindependenfrom each other for times<r, . This  Substratesglass without SnexF or mic3.
leads, if the diffusion coefficients for excess electrons and The TiO, nanoparticles of different samples are character-
holes are different, to the formation of the so-called diffusionized by Raman scattering and x-ray diffractidfig. 1(a) and
PV. Recently, we demonstrated some common features dib), respectively. Characteristic modeﬁlappear in the Ra-
transient diffusion PV in poly§-phenylene vinylené and maplspectra at 143 cm (Byg), 447 cm (Eg), and 612
porous semiconductofskronik et al. showed by contact po- €M ~ (A1), which are well known for crystalline rutife,
tential difference measurements the importance of diffusionand at 145 and 640 cnt (Eg), 399 cm * (Bl,), 516 cm *
like transport for the formation of the PV in CdSe quantum(doublet A4 and B, ), which are assigned to the anatase
dot films? phase of TiQ." The third E; mode at 198 cm?, which is
Porous TiQ belongs to the class of materials with very well resolved for anatase single crystals as a small narrow
low values ofo.® Porous TiQ is characterized by the com- peak® is seen only slightly for the porous TiOayer of
plicated structure of a sintered network of Ji@anoparticles anatasé16 nm but not for the porous TiQlayer of anatase
and by an enormous internal surface ar@e optical band (6 nm). The mode at 198 ci disappears also for anodic
gap Eg) of TiO, is 3.06 e\? (rutile) and 3.2—3.7 eV Refs. nanoporous layers of anatase for which disorder is
9-11 (anatase, depending on the preparation and measurgnportant’® As can be seen from Fig. 1 the porous JiO
ment conditions The surface of porous TiOcan be easily layers contain nanoparticles of only one crystalline phase.
conditioned by changing the gas ambience. The diffusionThe average sizé.) of the nanocrystals is determined from
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- (b) FIG. 2. Experimental setup for the photovoltage measurements.
s | e (60 comparison to PV measurements with a Kelvin probe, that
s | rutile (60 nm) the investigation of transient PV is performed on the time
@ scale between 1 ns and 0.1 s. The time resolution is limited
> | ; , to the short times by the high-impedance buff@d0 MH2)
'@ A Equ(‘ | anatase (16 nm) and by the_ osci_lloscop(e-IP 54520A, 50_0 I_\/IH)z Charging of
g . L A the capacitor via the high resistance limits the measurements
= ! anatase (6 nm) to times less thaRC=0.01-0.1 s.

/‘;L L A 1000 W Xe lamp with a quartz-prism monochromator

PP LI I I B e | was used to excite the spectral dependent PV in the range of

20 % %0 ® 40 * 50 1-4 eV. The light was chopped with the frequency of 20—70
29 (deg) Hz. A N, laser(photon energhv=23.7 eV, duration time of

a pulse 0.5 ns, maximal energy density per pulse about 500

wdlen?) with a dye laser fr=2.8 eV) was used for the

excitation of PV transients. The Sp( electrode served as

a reference electrode.

The PV spectra were measured by a lock-in amplifier as

e cophased and phase shifted2 photovoltage signals

(Ux and U, signals, respectively with respect to the

chopped light. A sample af-type crystalline Si was used for

the calibration of initial phase of lock-in amplifier. The PV

lmaxmu;n. t'?n t?ﬁ dpaS|stof ttfns antalﬁ{tss tt}eGOporous %'Of transient of this sample has a positive sigmcess electrons
ayers ot rutile with diameter of crystallites o M and o \5ve toward the bulk and excess holes move toward the
anatase with diameters of crystallites of 16 and 6 nm ar%a

FIG. 1. Raman spectréa) and x-ray diffraction angle depen-
dence(b) for porous TiQ layers of rutile(60 nm), anatas€¢16 nm),
and anatasé nm).

the broadening of the peaks in the angular x-ray dn‘fracUon[h
dependencgFig. 1(b)], using the Debeye-Scherrer equation
L=0.9(\/cosh-A6), wherex=0.154 nm (Cu K line), 6 is
the Bragg angle, and @ is the full width of peak at the half

distinguished. These layers are used in the PV experimen urface in the electric field of surface space-charge region

; aches the maximum value within the duration of laser
and denoted_as rutilg0 nm), anatas¢16 nm and anatases pulse and drops almost to zero in microsecond range. For
nm), respectively.

Th Tio | . tigated i c-Si the PV spectra with respect to the illumination by lamp
h E porous ”'% ayersdafre tlf:]VIeDSVIga ed in a V?leruhm chopping frequency 70 Hzhave a positiveJ, signal and
chamber specially desighed for the measurements. 1he x>Uy. The Uy-signal characterizes the phase shift be-

prepared samplesjust after the annealing in air at 450 °C) tween the chopped light and the PV signal. An essehtial

are considered as “well passivated,” i.e., with low defeCtS|gnaI points to a slow increase and decrease of the PV signal

dtensgy, as will be showE beI(t)w Tgebpolrous Im;yers in comparison to the half period of chopping. Some data
stored In vacuum aré characternzed by 10SSes of oxygeq, . presented as normalized amplltudeUa',Pp/(I)

and/or water at the surface of Tjanocrystals. Therefore, s
these samples were used to investigate the role of defects in | Ui+ U}/®) and phase (tap=U,/U,) of the PV signal.
e PV spectra are measured in the regime of weak excita-

the PV formation. o
t|on whenU gy P depends linearly on the photon fldx (ex-
citation intensity divided byhv).
Ill. PHOTOVOLTAGE MEASUREMENTS

The PV measurements were carried out in the fixed IV. RESULTS AND DISCUSSION
parallel-plate capacitor arrangement that consists of the
porous TiQ layer on the substrate with Spd, a 10um-
thick mica spacer and a semitransparent Cr-electrode evapo-
rated on a quartz homogenizgtig. 2). The diameter of the Figure 3 shows PV transients for porous Ji@yers of
capacitor is 5 mm. This arrangement has the advantage, ratile (60 nm), anatasg16 nmm), and anatas€6 nm) in air.

A. Transient photovoltage in well-passivated porous TiQ
layers
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FIG. 3. Photovoltage transients for as prepared porous TiO
layers of rutile(60 nm), anatasg16 nm), and anatasés nm) in air. FIG. 4. Spectra of the photovoltage-amplitude normalized to the
Inset: dependence of the maximum of the photovoltage on the exphoton flux U3TP®) for as prepared porous TjQayers of rutile
citation intensity for rutile(60 nm and anatas€l6 nm. (60 nm and anatasé€l6 nm shown in a semilog scale. Inset com-

pares the spectra of squareshof(U3V"/®) and ofhva for an as
The excess carriers are excited with photonshof>Eg. prepared porous TiDlayer of anatas¢l6 nm).

The sign of the PV transients is positive. The positive sign of o ] o o
the PV implies that the photoexcited electrons move fastefombination and bimolecular radiative recombinaliorith
than holes towards the porous T#SnOs:F interface. No increasing excess carrier concentration. A linear dependence

PV signal could be detected faw <Eg. The most striking  0f Upy”™ on the intensity of the exciting laser pulse is ex-
feature of these transients is their retardation in time, i.e., th@ected for diffusion PV whereas for the Dember PV, a loga-
transient PV signal is roughly zero just after the laser pulsdithmic dependence would be expected. We remark that a
and develops within the following 0.Ls (rutile) or 1 s  linear intensity dependence takes also place for surface PV in
(anatasg The observed retardation of the transient PV dif-crystalline semiconductors at very low intensity when the
fers drastically from the transient PV in crystalline semicon-excess carrier concentration is much smaller than the
ductors that appears immediately with the exciting lase€quilibrium-carrier concentration. This is not the case in our
pulse. The built-in electric field induced by the discontinuity Pulsed PV experiments.

of the material at the top of the layer is very weak in porous The increasing part of the diffusion PV transient
TiO, due to its high porosity, enormous surface area, andUaif+(t)] in porous TiQ layers can be simulated by solving
negligible concentration of equilibrium charge carriers. Thethe one-dimensional diffusion equation for nonequilibrium
retardation of the transient PV is caused by slow and indecarriers of charge with different diffusion coefficients of
pendent diffusion of excess electrons and holes. The gradieftectrons D) and holes D},) and subsequent integration of
of excess electron and hole concentrations is caused by nofhe electric field over the thickness of the sample:

homogeneous absorption of light with photonshef >E . e (drx
.The shape of the PV transuents does not depend on the Ugigs(t) = _f f [p(&,)—n(&t)]dédx, (1)
thickness of the porous TiOayers(changes from 1 to 12 €gpJo Jo
ﬁglzs -irsh(re‘r:ﬁi:c;lres,htgreteor“?#;rllotnhf ?r%tchkr?;sesx %?ii: legigounsﬁgq’”here”(fat) andp(¢,t) are the concentrations of nonequi-
. P 2 librium (photoexcited electrons and holes, respectivedy,
layers. As remark, the PV transients showed two negative" 19 . . ) .
) i O . =1.6X10 *Y As ande is the effective dielectric constant of
extrema in the case of illumination through the semitranspar;
. ' the porous layer. The values ofé,t) andp(é¢,t) depend on
ent SnQ:F back electrode. The first extremum at about 10 oo ) ; S :
. the excitation intensity, carriers recombination, trapping, and
ns was related to separation of charge at the pOrouS.c o .
) C LN iffusion. However the details of these process are not
TiO,/SnG; :F interface(injection of excess electrons from known for porous TiQ
porous TiQ into SnG:F) while the second onén the us P '
range belonged to the diffusion PV. Control experiments
showed that the shape of the PV transient was independent
the used substrate in the usual case of illumination from the Spectra of the PV amplitude as prepared for porous, TiO
porous TiQ (front) side. layers of rutile(60 nm and anatas€l6 nm) in air are shown
The intensity dependence of the PV signal in the maxiin a semilog scale in Fig. 4. The inset compares the spectral
mum of the transientsl{§\") is given in the inset of Fig. 3. dependence of¢hv)? , wherea andhv are the absorption
This dependence is linear up to 0.3 mJ#cand tends to coefficient and the photon energy, respectively, Mﬁﬂ”’/d)
saturate for the rutile sample at higher intensities. The satifor the porous TiQ layer of anatasé€l6 nm). The absorption
ration of URY* at high excitation intensity can be explained coefficient was obtained from the measurements of optical
by a nonlinear increase of recombination losg&ésger re- transmittance of the porous TjQayer on thin glass sub-

g‘f Spectral photovoltage in well-passivated porous TiQlayers
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strate. The PV data shown in the inset of Fig. 4 are multi-

. . . . I anatase (16 nm)
plied with a constant to show them simultaneously with the r

absorption coefficient. The PV amplitude increases strongly obo_—.

in the region of the forbidden gap. The values of the optical [ + U,-signal
gap for rutile and anatase single crystaB05 eV Ref. 8 and - o U, -signal
3.42 eV Ref. 9, respectivelyare in good agreement with the I air

S0 as prepared

spectral PV measurements. The PV spectrum of the porous
anatase contains a pronounced exponential tail, which is
practically absent for the porous rutile. The energy of the
exponential tail of the PV spectrum of the porous anatase is
about 50 meV, what is larger than the Urbach energy of the
exponential absorption tails in anatase single crysateut

40 meV at room temperatube For comparison, the width of
Urbach tails is of the order of 78 meV for size of nanopar-
ticles of 4—8 nm in dense layers of anatgskotoconductiv- ;
ity measuremenj$’ and 65 meV for hydrogenated 100 |
amorphous silicon at room temperaturéabsorption '
measurement$? Therefore, disorder is important in anatase

100 |

-100 F

vacuum
5x10” mbar

200 |

300 B

(b)

Photovoltage (uV)

nanocrystals. 100 b

We remark that a plot of ¢hv)¥? (indirect transition}s F vacuum
would give a value ofEg close to 3.2 eV that was also 200 1107 mbar ©
sometimes reported as the band gap of andtasewever, L. 1' T é N :I», M A .

the conclusion that nanoporous anatase has direct or indirect

gap cannot be strictly drawn since the approach of the plot of

(ahv)? is also conventional for amorphous semiconductors . 5. Photovoltage spectra for as prepared porous Eger

for which the momentum-conservation rule is not stronglyof anatasé16 nm in air (a) and in vacuum at 0.08b) and 0.001(c)

held?* The plot of (@hv)? vs hv was also used successfully mbar. The spectra are measured forttamdy signals at the lock-in

for the analysis of the optical absorption of thin anatase layamplifier.

ers prepared by spray pyrolysis for whiefy ranges between

3.56 and 3.75 eV’ than for theU, signal showing that trapping of charge into
As shown above, in the spectral range from 3 to 3.5 evelectronic states in the forbidden gap contributes mostly to

the amplitude of the PV signal of prepared porous,Tigy-  the retardation of the PV. _ .

ers follows the absorption coefficient. Taking into account  TheUx signal athv=3.5 eV increases by about six times
the linear dependence of the PV signal on the excitation lighft€" keeping the sample in vacuum @t 5x10 * mbar
intensity, this fact, can be explained by a mechanism of th Fig. S(b)]. Further, the spectral range of thi, signal for

- -2 -
PV formation depending on the concentration gradient oithe sgmple kept a{b—5><_10 . r_nbar IS extended 10 I_ower
. : .and higher photon energies giving evidence, respectively, for
excess carriers. According to our measurements of transmit-

tance in the porous TiDlayer of anatasél6 nm, the ab- generation of defect states in the forbidden gap and for more

. L . T efficient charge separation in the case of strong absorption.
sorption coefficient is of the order of 1@m ™1, i.e., the most g b g P

Hence, the generation of electronic states befgyvcan suf-
part of the light is absorbed in the porous Fifayer of depth ficiently enh%nce the charge separation.

d=4 pum. Therefore the PV signal grises due to the concen- The y. signal for the layer of anatasd6 nm at hv
tration gradient of excess carriers in the porous layer. This-3 5 e\ decreases twice in comparison fie=5% 102
makes the spectral PV suitable for the investigation of optiv,par after keeping the sample @& 103 mbar[Fig. 50c)]
cal ab;orption in the case \_/vhen only one mechanism of thgq the PV spectrum is dominated by a huge defect peak
formation of the PV signal is involved. with maximum at 2.7 eV. Therefore, the concentration of
electronic states belo® increases strongly and the distri-
bution of defect states broadens out with decreasing pressure.
The U, signal drops sharply and changes in the spectral
Figure 5 compares spectra of thg and U, signals for  range from 3 to 3.5 eV. TheJ, signal arises at 1.5 eV and
anatasé€16 nm in air (a) or under vacuum condition at 0.05 follows mainly the mirrored shape of thé, signal but with-
(b) and 0.001(c) mbar. The appearance of thg signal[Fig.  out changing the sign. We remark that the PV spectra are
5(a)] at 3.3 eV is consistent with the band gap of anatase anflirther changing during prolonged storage in vacuum show-
the presence of tail states below the band gap. The disappeang that a long time is necessary to reach a chemical equilib-
ance of theU, signal at 3.7 eV is not caused simply by the rium between formation and annihilation of defect states at
spectrum of the lamp but shows that charge separation ithe surface of TiQ.
much less effective than recombination for strong absorption. The change of the sign of tHd, signal from positive to
The tails belowEg are much more pronounced for thg, negative is caused by the change of the diffusion coefficients

Photon energy (eV)

C. Spectral photovoltage in porous TiQ layers with gap states
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FIG. 6. Spectra of the photovoltage-amplitude normalized to the ol

photon flux(a) and of the phase of the photovoltage sigts!for
porous TiQ layers of rutile (60 nm in a semilog scale under
vacuum condition0.001 mbar. The inset depicts the formation of
the PV signal fohv<Eg (left sidg and forhv>E (right side .

Time (s)

FIG. 7. Photovoltage transients for porous Ji@yers of rutile
(60 nm), anatas€16 nm), and anatasé nm) under vacuum con-

) dition (0.001 mbay. The excitation of excess carriers of charge was
from D¢>Dy, to De<Dy,. A change of the sign of the PV performed withh»=3.7 eV (a, 9 andh»=2.8 eV (b).

signal for the whole range dfv <Eg could be realized for
the layers of porous TigXrutile) and porous TiQ@ (anatase, 6 . ) . ]
nm) under vacuum condition. Figure 6 shows the spectra oPOrous TiQ stored in vacuum is expected to be in the same
UMY d and of the phase for the layer of porous O order of magnitudgsome 100 meV_ below _the cond_u<_:t|0n
(rutile) in vacuum(0.001 mbar. The defect formation in the band. These states_, should be considered, in our opinion, as
porous anatase is stronger than for the porous rutile and thg€ctron traps leading to a change of PV for <Eg. The
process is even accompanied by formation of well-defined” Signal ath» <Eg practically vanished after adsorption
defect band in the spectral range from 3 to 3.4 eV. The mor@f water molgcules that demonstrated the role of water for
efficient defect formation in the porous anatase is probably® Passivation of electron-surface traps. However, pro-
related to the smaller size of nanocrystélisrger internal 1onged storage of porous TjOin vacuum caused non-
surface area Another possible reason for the defect forma-eversible defect formation in the sample for which the PV
tion in porous anatase is weaker bonding of oxygen in arsignal athv <Eg did not vanish after adsorption of water
elementary octahedron of that phase of J® _molgcu!es. They could be .removed only by thermal annegl-
The discontinuity of the phase is located at the position ofd in &ir at temperatures higher than 400 °C. Further heavily
the band gap for the porous-TjQayer of rutile (60 nm in reduced TiQ (_:rystals are d_ar?(? Therefore, the formation of
vacuum. This means that electrons or holes are acceleraté@nor states is accompanied by the formation of deep defect
toward the back electrode fdrv >Eg or for hy <Eg, states acting also as recombination centers.
respectively. This means that electron traps are preferentially
generated in porous TiO(rutile) under vacuum condition
(see inset of Fig. 6 It can be further concluded, with respect
to the PV amplitudes, that the diffusion coefficient of excess
holes moving in the valence band is lower but not much Photovoltage transients are shown in Fig. 7 for porous-
lower than that for excess electrons moving in the conducTiO, layers of rutile(60 nm), anatas€16 nm), and anatase
tion band. The phase is shifted hyat 3.6 eV for the porous- (6 nm) with electron traps induced by the storage of the
TiO, layer of anatasé6 nm). This blue shift ofEg by about samples in vacuum. The excitation of excess carriers of
150 meV in comparison t& for anatasé16 nm is caused charge is performed withy >Eg [(a) and(c), hv=23.7 eV]
by the quantum confinement effétand was also observed andhv <Eg [(b), hv=2.8 eV]. The sign of the transient PV
by absorption and photoluminescence measurements gn Ti@s positive forhy >Eg and negative fohv <Eg. This is
nanoparticles used for catalytic reactiGdNe remark that consistent with the spectral PV measurements. The transient
the photon energy at which the sign of the PV signal changeBV signal is much lower for the excitation withy <Eg
marks the mobility gap for the electrons. than for the excitation withhy >Eg. This is not surprising
The loss of oxygen leads to the formation of donor statedecause the spectral PV signalhat = 2.8 eV is lower than
in reduced TiQ.?” For rutile single crystals a peak with the spectral PV signal &tv=3.7 eV by more than one order
maximum position of about 0.7 eV below the conduction-of magnitude.
band edge was measured by photoelectron spectroscopy on The retardation behavior of the PV transients changes dra-
reduced rutile and assigned to oxygen vacarf@i@e posi- matically after generation of gap states. The time of the
tion of the energy levels of the corresponding defect states imaximum PV stored in the vacuum sample increases by

D. Transient photovoltage in porous TiO, layers
with gap states
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about three orders of magnitude in comparison to theour experiments but we suspect that the differences between
samples in air. An increase of the value WEJ* is not es- the different porous Ti@ samples are caused by the influ-
sential. ence of the dimension of the nanocrystals on the defect states
The PV transient of the rutile excited withy >E;  in the forbidden gap.
shows a pronounced shoulder at the shorter tinseb( * s).
This part of the Fransient is similar With the growt_h part of V. CONCLUSIONS
PV transient in aifcompare corresponding curves in Figs. 3
and 7. It means that the PV formation in submicrosecond The photovoltage is formed by thiedependentrom each
scale is not sensitive to the defects created in the Ti@ler  other which are in material with a huge Maxwell relaxation
vacuum treatment and shows that charge separation can takene as porous semiconductors and dielectrics, semiconduct-
place also within one nanoparticle af 1<d. ing polymers or metal oxides. The concept of the so-called
The PV transients do not decay purely by exponent odiffusion photovoltage has been used to study the fundamen-
logarithmic law. A lifetime of charge carriers could be intro- tal properties of optical absorption and transport of excess
duced for exponential decay while the recombination of speecarriers of charge in porous T}OThe diffusion coefficient is
cially separated charge could be used to describe a logarittiarger for electrons moving in the conduction band than
mic decay® Therefore, we can describe the recombinationholes moving in the valence band independent of the phase
process as recombination of spatially separated charge takirfeutile, anatasg size of the TiQ nanoparticles, and surface
into account transport process if the parameters of recombétates. The diffusion of excess holes has been observed for
nation are known. The diffusion length of photoexcited TiO, in the case when electron-traps states are dominantly
charge carriers is lower thanAm that allows to give only created in the band gap and the energy of the exciting pho-
an upper limit of [ below 10°° cn?/s for the porous ana- tons is belowEg . The mobility gap can be clearly separated.
tase. For comparison, with respect to the drift mobility in The PV transient are strongly retarded in time with respect to
porous anatase one will get fdD, a value of about the exciting laser pulse while the retardation of the PV tran-
10°7 cn?/s.t® The value ofDy, should be even lower. sients becomes stronger with decreasing size of the intercon-
The presence of states in the forbidden-gap leads to amected TiQ nanoparticles and generation of defect states.
increase of the amplitude of spectral PV and to a much stron-
ger retardation of the PV transients. The creation of defects
would hardly increase the carrier lifetime. Therefore, the ad-
ditional strong retardation of the PV transient gives evidence We are very grateful to Y. Shapira, N. Ashkenasy, and to
for a decrease of the diffusion coefficients, and the importhe referee for helpful criticism. The authors are also grateful
tance of recombination for the decay of PV. to H.-E. Porteanu for help with Raman measurements and to
The size of the TiQ nanocrystal and the porosity of the H. Schneider for XRD analysis. V.D. and V.Yu.T. thank the
sample can influence the formation of different kinds of elec-Deutsche Forschungsgemeinschaft and the Alexander von
tronic states. This question was not investigated in detail irHumboldt Foundation, respectively, for financial support.
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