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A set-up for contactless transient photoconductivity measurements on powders by the
Time Resolved Microwave Photoconductivity (TRMC) method has been realized. These
measurements have been used as a tool for the investigation of excess charge-carrier
lifetimes in TiO, (anatase and rutile) powders. The influence of laser wavelength and
intensity on TRMC decay shows the importance of the fast-recombination processes. The
presence of a long time tail in the TRMC signals of the anatase modification of TiO, is
attributed to quenching of this recombination by hole-trapping at the surface. The influence
of surface treatment by ethanol and water on TRMC decay evidences that dominant effects
are bulk recombination in rutile and surface trapping in anatase. The influence of doping in
rutile shows that increasing the doping rate accelerates the decay whatever the doping
type is. The doping element acts as an impurity favoring recombination by creation of
structural defects. The influence of thermal treatment in anatase shows that increasing the
thermal treatment temperature increases the lifetimes. High crystalline quality leads to long

charge-carrier lifetimes. The results are discussed in view of their relevance for
photocatalysis. © 2003 Kluwer Academic Publishers

1. Introduction

The last decades, TiO, has replaced other materials
used as white pigments in coatings, plastics and inks
[1]. The interest of TiO, is linked to several advan-
tages, especially its refractive index which is the high-
est of the white stable compounds and its adjustable
particle size. These two points allow obtaining a pig-
ment with the best hiding power of all white pigments.
Furthermore, it is a non-toxic, quite stable and cheap
product.

In 1972, Fujishima and Honda [2] have described the
TiO;-catalyzed photolysis of water. The photocatalytic
activity was considered at first as harmful, because
it was the cause of the degradation of the polymeric
matrix in which TiO, was incorporated. So, the first
studies dealing on with this activity were to obtain its
inhibition.

Afterwards, it was shown that it was possible to use
the activity in environmental applications, like pho-
todegradation of organic pollutants in water and in air
[3—7]. The aim of these studies was the characterization
of the photocatalytic activity of commercial powders.

While water and air purification is a high-competition
technique field, the self-cleaning of TiO, covered

surface appears to open possibilities which cannot be
provided by other technologies [8, 9]. The most sig-
nificant initiatives are realized in Japan where some
companies are selling bacteria-killing and sterilizing
TiO,-covered tiles, sets of tunnels lights which avoid
their covering by carbon and oil layers, filters to catch
cigarette smoke, antifog mirrors and glasses.

Some reviews [10-15] present recent developments
in theoretical and applied photocatalysis.

TiO; is a semiconductor that crystallizes in two poly-
morphic forms: rutile and anatase. The bandgaps of
anatase and rutile are respectively 3.23 eV and 3.1 eV.
Anatase is a metastable form that transforms to rutile
at high temperature.

Under UV light illumination, the photon energy is
higher than the bandgap and the creation of an electron-
hole pair occurs:

TiO, +hv — e~ +h"

If the charge-carriers do not recombine, the titanium
or the oxygen ions can trap them. In this case, TiO,
shows a photocatalytic activity in presence of O, and
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H,0, which is described by the following mechanism

[4]:

Ti**...OH  + e  +h* - Ti** + OH
Tt +0, > Ti*t...0,”
Ti*t...0,” + H,0 — Ti*"...OH™ + HOy’

So the global reaction is:

H,0 + 0, + hv 2% OH' + HO,'

This shows that the photocatalytic activity leads to
the formation of free radicals, which are causing degra-
dation of organic compounds. The reaction with a poly-
mer can be written:

30H" + 3HO;" + 2(-CH;,-) — 2CO; + 5H,0

The photocatalytic activity is therefore linked to ex-
cess charge carrier dynamics, i.e., the creation and
the temporal evolution of excess charge-carriers in the
semiconductor. Whatever the application of TiO; is,
pigment or photocatalyst, it is necessary to understand
the mechanisms leading the activity in order to control
it and to supply the specific product for the application.

The first aim of this work was to understand the
relation between charge-carrier lifetimes and material
structural parameters. A contactless transient photo-
conductivity method, the Time Resolved Microwave
Conductivity (TRMC) method, has been chosen as a
tool for the investigation of the charge-carrier lifetimes
in TiO, materials.

Previous works, concerning charge carrier dynam-
ics in powders using microwave photoconductivity or
other techniques like laser flash photolysis, microwave
photodielectric response, have been reported on MgO
and Al,O3 [16], MoS, and MoSe; [17], ZnO [18] and
TiO; [16, 19-24]. These works present results on anal-
yses techniques and charge-carrier dynamics (kinetic
constants, recombination rates, mechanisms. . .) on var-
ious compounds but show a lack of information con-
cerning relation between material structural parameters
(structure, microstructure, crystalline quality, particle
size, doping level, surface state. . .) and charge carriers
lifetimes.

In this work, a sample holder has been especially
designed to perform TRMC measurements on various
TiO, powder samples. TRMC measurements have been
realized on anatase and rutile powders to confirm the
previously observed [24] differences between the two
modifications. Experiments as function of laser inten-
sity and wavelength have been carried out in order
to understand dominant phenomena (recombination or
trapping) concerning charge-carrier dynamics after the
laser pulse.

The importance of surface phenomena has been
studied on both modifications realizing simple surface
treatments with water and ethanol. The influence of
structural parameters has been studied by following the
effect of the doping on rutile and the thermal treatment
temperature on anatase.
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The last aim of this work was to know if a correlation
between TRMC measurements and material photocat-
alytical activity is possible.

2. TRMC principle

The TRMC [25-27] method is based on the measure-
ment of the change of the microwave power reflected
by a sample induced by laser pulsed illumination of this
sample. The relative change, (A P(¢)/ P) of the reflected
microwave power is caused by a variation Ao (¢) of the
sample conductivity induced by the laser. For small per-
turbations of conductivity, a proportionality between
AP(t)/P and Ao (t) has been established [25]:

AP(t)
P

= AAo(t) = Ae Z An(Owi (D

Anj(t) is the number of excess charge-carriers i at time
t, ui is the mobility of charge carrier i. The sensitiv-
ity factor A is independent of time, but dependent on
the microwave frequency and on the conductivity of
sample.

For the present work, the Equation 1 can be reduced
to mobile electrons in the conduction band and holes
in the valence band. Trapped species can be neglected
because of their small mobility.

AP(t)

P
An(t) is the number of excess electrons, i, is the mo-
bility of electrons, Ap(¢) and puy, are the corresponding
properties of holes.

The TRMC signal (AP(t)/P or I(t)) obtained by
this technique is called (microwave) photoconductivity,
it allows to follow directly, on the 107°-1073 s time
scale, the decay of the number of electrons and of the
holes after the laser pulse by recombination or trapping
of the charge-carriers.

In the specific case of TiO,, the TRMC signal can
be attributed to the electrons because their mobility is
much larger than the hole’s one [28]. So the kinetics of
holes is observed only indirectly, by their influence on
electron kinetics.

The TRMC signal can be characterized by two pa-
rameters: the maximum value (/j,x) and the decay 1 (¢).
Imax 18 determined by the electron mobility and by fast
decay processes with an appreciable activity during the
excitation (i.e., the first 10 ns). These two contributions
cannot be separated easily for a system as TiO, powder.
In general, a high value of /j,,x can be considered as
reflecting good electronic properties due to good crys-
talline structure of the sample. Because the signal decay
is not purely exponential, the general decay shape is
characterized by several halftime lives, 71, is the time
to obtain intensity /max/2 of the signal, 271, to obtain
Imax/4. As important phenomena occur at the begin-
ning of the pulse, it is more convenient to characterize
the decay with the 1495 value, which is the intensity of
the signal 40 ns after the beginning of the pulse. The
ratio 14045/ Imax 18 also reported.

= AAo (1) = Ae(An(®)pn + Ap(H)pun)  (2)

3. Experimental set-up
The principle of the measurements is to place the
powder sample inside a wave-guide, to proceed to its
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Figure 1 TRMC experimental set-up.

illumination by a UV pulsed laser, and then to follow
the temporal evolution of microwave power reflected
by the sample. The experimental set-up is displayed in
Fig. 1 and shows four sections: the microwave circuit
(white), the detection and signal treatment (dark gray),
the UV source (light gray), the sample (stippled).

The incident microwaves are generated by a Gunn
diode in the Ka band (28-38 GHz). The experiments
were carried out at 31.4 GHz, this frequency corre-
sponds to the highest microwave power. The reflected
microwaves are detected by an Schottky diode. The sig-
nal is amplified and displayed on the digitizer.

Pulsed light source is an Nd:YAG laser giving an
IR radiation at A = 1064 nm with a 10 Hz frequency.
Full width at half-maximum of one pulse is 10 ns. UV
light is obtained by tripling (355 nm) or quadrupling
(266 nm) the IR radiation. The maximum light energy
density received by the sample is 1.3 mJ - cm ™~ for both
wavelengths.

A polymeric sample holder has been specifically de-
signed for powder measurements. It is represented in
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Figure 2 Sample holder design.

Fig. 2. With this design, the sample can be illuminated
in powder form, inside the wave-guide. This allows the
best microwave response.

The apparent periodic structure in some decay pro-
files is due to high sinusoidal noise created by inter-
ference between the microwave detector and the laser
power generator.

4. Results on TiO, powders
4.1. Influence of the laser wavelength

on the TRMC signal
The TRMC signals obtained on rutile are characterized
by a very fast decay that is independent of the excita-
tion wavelength (266 nm or 355 nm). Anatase powders
show another behavior. The TRMC signals, recorded at
266 and 355 nm on B3 anatase powder, are represented
on Fig. 3 (the Iy« values are normalized to facilitate the
decay comparison). The inset shows the decay for 355
nm for a longer time range (0—10 ws). The figure shows
a slower decay over the 10-40 ns range after the begin-
ning of the pulse for 355 nm than 266 nm. After 40 ns,
the decay becomes identical for both wavelengths. This
can be explained by the fact that the absorption coeffi-
cient of TiO, is larger at 266 nm than at 355 nm. This
means that the penetration length is lower at 266 nm
light which makes the excess charge carrier concen-
tration for 266 nm excitation larger than for 355 nm
excitation at the same excitation density. As general
feature, the electron-hole recombination rate becomes
faster with higher carrier concentration, the decay is
faster after 266 nm excitation than after 355 nm exci-
tation. This point shows the important role played by
the electron-hole recombination at the beginning of the
decay, especially for 266 nm excitation. This point will
be also discussed in the section 4.3.

4.2. Differences between rutile and anatase
The TRMC signals measured on B3 anatase and R1
rutile, are displayed in Fig. 4 (the I, values are nor-
malized). Imax, l40ns and 71/, values for various rutile
and anatase samples are collected in Tables I and II. It
appears as a general behavior that rutile samples show
faster decay than anatase samples. In anatase powders,
the TRMC signal decays over an extended time range
from nanoseconds to milliseconds. In the rutile powder
a rather small TRMC signal is observed after 40 ns.
This difference, previously observed by Schindler et al.
[24], was interpreted in the following way: the short free
electron lifetime in rutile is due to a high recombination
rate whereas in anatase there is a competition between a
fast recombination process and a fast trapping of a part
of charge-carriers which are not participating to the
TRMC signal (i.e., the holes). This trapping process re-
duces the number of holes available for recombination
processes and so increases the lifetime of charge-
carriers that are contributing to the TRMC signal (the
electrons). If an appreciable part of the excess holes are
trapped, the decay of the excess electrons is controlled
by the relaxation (emission) time of trapped holes. This
explanation implies the existence of an appreciable
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TABLE I References, structural parameters and TRMC results on rutile samples (A =355 nm)

Reference  Nature Analysis Imax (MV) L4005 (MV) 140 ns/ Imax (%) 71,2 (ns) 2712 (ns) 3712 (ns)
Rutile R1 Cr doping Nb =830 ppm, Cr=0.90 ppm 4.3 0.5 12 15 20 32
RutileR2  Crdoping  Nb=830 ppm, Cr=1.15 ppm 4.2 0.3 7.1 12 18 25
Rutile R3 Crdoping  Nb =830 ppm, Cr=1.80 ppm 4.9 0.3 6.1 12 18 25
Rutile R4  Cr doping Nb =830 ppm, Cr=2.25 ppm 4.2 0.2 4.8 12 15 18
Rutile S1 Nbdoping Nb=1753 ppm, Cr=0.89 ppm 4.2 0.4 9.5 14 18 25
Rutile S2 Nb doping  Nb=2343 ppm, Cr=0.90 ppm 5.0 0.2 4.0 12 16 22

Figure 3 Influence of the laser wavelength on the TRMC singal of anatase—Inset: TRMC decay in a large time range (0—10 ws) for A =355 nm.
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Figure 4 Differences between rutile and anatase on the TRMC signal.
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TABLE II References, structural parameters and TRMC results on anatase samples (A = 355 nm)

Thermal BET surface Particle L40ns/ Imax
Reference treatment (°C) area (m? ) size (nm) Imax (mV) I40ns (MmV) (%) 71,2 (ns) 2712 (ns) 3712 (ns)
Anatase Al 300 181 12 11.2 4.6 41 34 80 700
Anatase A2 600 42 27 5.0 22 44 28 3800 >10000
Anatase A3 800 13 63 6.8 4.8 71 800 >10000
Anatase A4 850 9 65 7.8 5.8 74 800 >10000
Anatase A5 900 9 67 9.6 7.2 75 1200 >10000
Anatase B1 150 337 7.2 1.1 0.4 36 15 50 >200
Anatase B2 300 104 12.0 7.1 4.2 59 50 >200
Anatase B3 600 39 26.6 8.6 6.8 79 >200

concentration of hole traps in anatase and not in
rutile. These traps are probably localized at the surface
of the sample. The study of the influence of surface
treatments will help to evidence it (cf. Section 4.4).

In the case of the rutile sample, an alternative ex-
planation would be a fast trapping of electrons but this
hypothesis will be kept out with experiments varying
the laser intensity and with the study of the influence
of water and ethanol at the surface.

4.3. Influence of the laser intensity on the
TRMC signal

The Fig. 5 displays In.x and 404 versus laser inten-

sity for 355 nm excitation for two representative rutile

(R2) and anatase (B3) samples. The evolution of I«

as a function of the laser intensity allows an elemen-
tary analysis of the phenomena during the excitation,
i.e., the first 10 ns after the start of the pulse under the
present experimental conditions.

For all samples, the curves I,,x = f(E) show the
same behavior. At low intensities a linear relation is
observed. With higher intensities, a sub-linear behavior
appears, looking like a saturation phenomenon.

The number of charge-carriers created is linearly re-
lated to light intensity, it means to the number of inci-
dent photons. Therefore, if no excess charge carrier loss
occurs during the excitation, /I ,x should be linearly re-
lated to the laser intensity. The same relation is observed
if one kind of charge-carriers is trapped during the exci-
tation and no saturation of traps occurs (in other words
if trapping is characterized by a single exponential

Figure 5 Influence of the laser intensity on the TRMC signal.
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decay). On the other hand, if a phenomenon involv-
ing the two charge-carriers, like recombination, occurs
during the pulse, this relation becomes sub-linear. It
means that some charge-carriers disappear before 10 ns
and the I,,x value is lowered. Thus, for all the samples,
the I, saturation evidences fast recombination phe-
nomena (already during the excitation pulse) at higher
excitation densities.

In the case of anatase, the transition between
the linear and the sub-linear dependence occurs at
0.5 mJ - cm~2. This is most easily explained by the pres-
ence of a fast electron-hole recombination that leads
at high excess charge concentration (i.e., induced by
a laser energy density exceeding 0.5 mJ - cm™2) to ap-
preciable excess charge-carrier decay by recombination
during the excitation. Concerning rutile, this transition
is observed at approximately the same energy density
with the same explanation. However, the difference be-
tween both modifications is clearly observable on the
L4905 values. The signal on rutile at 40 ns is very small
whereas an appreciable signal is detected at 40 ns for
anatase (Fig. 5).

The fact that, for both modifications, the recombi-
nation is already active during the excitation indicates
a very large recombination rate. In fact so large, that
it implies a very fast TRMC decay between 10 ns and
40ns, as it is observed for rutile. The behavior of anatase
samples in the 10—40 ns range can only be explained if
a quenching of this recombination occurs. The exper-
iments described in the previous sections suggest that
the most plausible candidate for this quenching process
is the trapping of excess holes at the surface.

For 266 nm excitation, the number of experimental
data does not suffice to analyze the behavior of /;,,x as a
function of the excitation density but, also in this case,

a linear dependence at low excitation density gives way
to a sub-linear dependence at high excitation density.

4.4. Influence of alcohol and water
at the surface

On a powder sample, the ratio surface/volume is very
high. Furthermore, crystalline defects, impurities and
adsorbed species are preferentially localized on the sur-
face. These are playing an important role in charge-
carrier evolutions. They can act as trapping centers for
one or both charge-carriers and so can accelerate the re-
combination. In order to understand the influence of the
surface on charge-carrier lifetimes, experiments show-
ing the effect of water and ethanol adsorbed on the
surface have been realized.

The samples have been submerged in the considered
liquid and a part of the centrifuged non-dried powder
has been placed on the sample-holder. This treatment
leads to a very slightly impregnated powder. It has been
formerly verified that the solvents present no TRMC re-
sponse. The observed TRMC signal really corresponds
to charge-carriers created in the powder. The level of
the TRMC response is comparable to non-treated pow-
ders and implies that the solvent do not absorb incident
photons.

TRMC experiments carried out on rutile powders
show no detectable effect due to the treatment.

The Fig. 6 shows the effect of water and ethanol on
the TRMC signal of an anatase powder sample (B3).
Imax values have been normalized. This simple surface
treatment modifies considerably the decay of the signal.
This behavior shows the importance of surface phenom-
ena and proves that some of the processes determining
the decay, like hole trapping, occurs at the surface. This
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Figure 6 Effect of water and ethanol on the TRMC signal of anatase.
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trapping has been explained as coming from a reaction
between holes and surface hydroxyl groups (OH™) to
form OH' radicals [18].

The Fig. 6 shows that the treatment with ethanol leads
to a slower decay. This means a stabilization of the
radicals and possibly an increase of the density of hole
traps. This decreases the speed of hole relaxation in the
valence band and slow down the recombination.

On the other hand, the water treatment leads to a
faster decay. The water can either decrease the stability
of radicals or act as electron scavenger reducing in that
way their lifetime.

After few hours, the powder seems to be dried by
evaporation. The signal of the ethanol-treated sample
stays modified, whereas in the water-treated sample the
initial signal is recovered. This indicates that a non-
negligible quantity of alcohol remains adsorbed. The
initial signal of the ethanol-treated sample is recovered
by heating slightly the powder (70°C).

The fact that the rutile does not show any change
after surface treatment allows thinking that there are not
enough OH™ surface groups acting as hole traps. This
point confirms the previous results showing that the fast
decay in rutile is linked to recombination processes and
not to surface trapping.

These treatments evidence the importance of surface
phenomena and especially the role of hydroxyl groups.
It was then interesting to find a surface treatment lead-
ing to a stable and permanent modification of the sur-
face in order to control the carrier lifetimes.

Powders have been treated with highly acidic or ba-
sic solutions in order to clean up the surface but no
radical and permanent change of TRMC signal has
been observed on these samples. This would indicates
that adding slightly OH groups on the surface does not
change charge-carrier dynamics.

The literature describes more specific chemical ways
to control the carrier lifetimes. It can be realized
by surface modification by attachment of a sensitizer
molecule to extend the photoresponse of the semicon-
ductor [29]. At this time, TRMC studies on this kind of
samples are on the run.

4.5. Rutile

The fastdecay observed in rutile powders (Fig. 4) makes
characterization by considering the decay rather diffi-
cult. Most information is obtained from /p,x, repre-
senting the electron mobility and the decay during the
excitation, and the ratio between l40ns and Inax rep-
resenting the decay between 10 ns and 40 ns without
imposing an exponential decay.

As general previous remarks, it is possible to mention
that the larger part of the more than 25 rutile samples in-
vestigated are characterized by values of the 140/ Imax
ratio smaller than 10%. This implies a very fast de-
cay between 10 ns and 40 ns mainly determined by the
shape of the excitation pulse. Furthermore, even for
samples with an appreciable signal at 40 ns, a fast de-
cay of the remaining signal is observed. Exceptions are
samples containing more than a few percent anatase.
For samples with 8% and 10% of anatase a value for
140 ns/ Imax of about 25% was determined, where the re-

maining signal decay is characterized by a decay time
largely exceeding 100 ns. More or less identically pro-
duced samples with lower anatase content show a low
value for l40ns/Imax (<10%) and a fast decay of the
remaining signal.

For the rutile samples investigated, the signal ampli-
tude Iax covers a range of about a factor of three.

In Table I, TRMC results of some exemplary rutile
samples with different doping concentrations are dis-
played. As the differences in I,,x are not very large
and difficult to interpret, only the decay behavior will
be discussed. Itis clear that the decay rate increases with
increasing Cr concentration, as it can be deduced from
the decrease of the 4045/ /max ratio and the decrease
of the decay time with Cr concentration. Also with in-
creasing Nb concentration the decay rate increases.

The acceleration of the decay indicates a decrease of
electrons lifetime by recombination or trapping. In the
first assumption, the doping creates structural defects
helping to recombination. The assumption of trapping
can be explained as the following way: the substitu-
tion of Cr>* by Ti** brings a negative charge. To keep
electroneutrality, TiO, must bring a positive charge, the
addition of Cr’* corresponds to p doping. As a general
feature, the shift of the Fermi level linked to doping
increases the number of trap-levels in the gap for the
minority charge-carriers and decreases it for the ma-
jority carriers. In the case of Cr-doped TiO,, it leads
to the increase of holes lifetime and to the decrease of
electrons lifetime by trapping.

In the case of Nb>* doping (S1 and S2), the lifetime
decreases also with the increase of the doping level. In
this case, the doping is n type and according to the sec-
ond assumption, this doping should lead to the increase
of electrons lifetime and to the decrease of holes life-
time. The shift of the Fermi level by this kind of doping
cannot be considered as a dominant effect. The decrease
of the electrons lifetime should be linked to recombina-
tion assisted by the presence of levels in the gap, created
by the insertion of foreign elements in TiO, as Cr and
Nb. These elements can be considered as impurities,
and whatever their nature is, they favor recombination
by creation of structural defects.

Interesting is the observation that coating of rutile
powders by the oxides of Ce, Tb and Bi leads to very
small values of I,,x. It is tempting to attribute this phe-
nomenon to the decrease of the light absorbed in the
rutile particles. This would make the treated powders
particularly appropriate as paints. However, other ex-
planations of these experiments are possible.

4.6. Anatase
As mentioned previously, all anatase samples show very
slow TRMC decays compare to rutile samples. This was
explained by hole trapping (at the surface) increasing
the electron lifetime. The decay kinetics is then con-
trolled at least partially by the relaxation rate of the
trapped holes.

Also for anatase samples, some general trends can
be noted. For about 20 samples produced in widely
different ways, the ratio 140 s/ Imax 1S always larger than
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25% and varies for the majority of the samples between
50% and 100%. This implies that, for the decay be-
tween 10 ns and 40 ns, the shape of the excitation pulse
does not play an important role and this decay offers a
very sensitive characterization of the sample. The val-
ues monitored for /;,,x lie in the same range as found
for rutile covering also approximately a factor of three.

TRMC results and structural properties of some
anatase samples (Al to B3) are collected in Table II.
Samples from A set have been synthesized by the clas-
sical sulfate process while sample from B set have been
synthesized by sol-gel route. From Al to A5 and from
B1 to B3, the only difference between sample prepa-
rations lies in the last thermal treatment (TT). X-ray
diffraction shows that all the samples are 100% anatase
phase.

It is impossible to compare directly samples of A and
B series because they differ by their synthesis method,
so the nature and level of impurity is not equivalent.
Anyway, both series follow comparable behavior.

The results of Table II show that for both series, the
decay rate decreases with increasing of TT temperature.
Not only the decay rate between 10 ns and 40 ns but also
the decay rate after 40 ns increase monotonously with
the TT temperature. In the A series, the large value of
Imax for the Al sample (TT at 300°C) is remarkable be-
cause the samples A2 to A4 suggest an increase of Iy«
with the TT temperature. Obviously, different effects
of TT influence I,.x. For the second (B) series, [ax
increases monotonously with the TT temperature. The
crystalline quality, which depends on the number of im-
purities, defects or amorphous domains, results of the
synthesis method and reagents. Unlike the impurities,
the defects and amorphous domain can be controlled by
TT. Anatase powders are synthesized by soft chemical
routes in order to obtain nanosized particles, this leads
to samples with high number of defects and amorphous
domains. TT increases the size particle but minimizes
their number. In any case for the B series, the increase of
Imax with the TT temperature shows the improvement
of the crystallinity with TT.

An additional explanation of the fast decay of low
temperature treated powders can be drawn. Around
10 nm particle sizes (A1 and B1 anatase), quantum size
effects alter the internal electric field gradients and re-
duce the separation of electron-hole pairs. These effects
should lead to high recombination rate.

The increase of the lifetime between 10 ns and 40 ns
(from the increase of the 140 s/ Imax ratio) with the TT
temperature shows that TT increases the density of sur-
face traps for holes. Furthermore, the stability of the
trapped holes increases by TT as it can be concluded
from the decrease of the TRMC decay rate after 40 ns
with TT.

5. TRMC signal and photocatalytic activity
The measurements made on TiO, powders show the
relevance of the TRMC method as analyses tool. We
saw that the variation of parameters like structure, dop-
ing, synthesis process leads to significant variations of
the TRMC signal.
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However, the method suffers of some limitations in
the case of rutile powders. This structural form shows
a very fast TRMC decay. The signal has almost disap-
peared after 40 ns. Thus, phenomena like doping, which
accelerate the decay, contribute to increase the lost of
charge-carriers during the pulse. It decreases the I«
value and results in a hardly detectable signal.

The experimental evidence presented in Section 4
indicates that absorption of UV light in rutile powders
leads to the excitation of electrons and holes that dis-
appear very quickly by recombination. Consequently,
illumination leads mainly to the conversion of light in
heat and probably in lesser extent in light (by lumines-
cence). The probability of light induced surface reac-
tions and so photocatalysis is small. On the other hand,
it may be very stable as a white paint. The present ex-
perimental results suggest that the best stability against
light will be observed for rutile powders with the small-
est remaining signal at 40 ns. However, this suggestion
must be considered as tentative because the transition
between transient kinetics (as observed by TRMC mea-
surements) and stationary kinetics (appropriate for the
stability of paints) is by no means trivial. Besides, more
information on the processes responsible for the signal
amplitude at 40 ns and so the quenching of the recom-
bination has to be available.

Furthermore, it has been showed that doping creates
small but significant variations of the TRMC signal,
anyway it was not possible to evidence some effect
linked to the nature of the doping (p or n). The doping
element plays only the role of an undetermined impu-
rity. Indeed, it is the rate of doping element that influ-
ences the signal. It appears anyway that a low variation
of Cr rate leads to noticeable variation of the signal
that is less sensitive to the Nb variation. Thus, if the Cr
rate is not very well known, effects linked to Cr might
hide the study of the influence on the signal by an other
doping element.

If the use of TRMC method as an analysis tool can
be limited in the case of rutile, it is however not the
case for anatase for which has proved to be very well
adapted.

The TRMC signal, in the case of TiO,, gives a di-
rect measurement of lifetime of free electrons created
in the conduction band by a laser pulse. The difficulty to
interpret the TRMC signal lies in the fact that numer-
ous phenomena are responsible of the decay kinetics
of free electrons. The simplest ones are the electron-
hole recombination and the trapping of one or the other
species. So, even if isolated, the information obtained
on electron lifetime does not allow choosing between
recombination and trapping. The information given by
the decay has been coupled with studies of TRMC sig-
nal as function of surface treatment and laser intensity.
This does not give an unambiguous interpretation of
the observed signals, but only hypothesis correspond-
ing to the most probable and very simple phenomena.
It would be necessary to couple TRMC measurements
with complementary experiments like EPR in order to
detect the existence of trapping levels or surface analy-
sis techniques to evidence adsorbed species, especially
OH™ on anatase.



One aim of this work was the interpretation of the
TRMC signal in term of photocatalysis. The question
is to understand if TRMC can be use directly as char-
acterizing tool for photocatalytic materials.

The relation between TRMC signal decay and pho-
toactivity is neither obvious nor immediate. The pho-
tocatalytic activity is linked to the presence of trapped
charge-carriers at the surface, with lifetime long enough
to react with the species to be photodegradated.

In the absence of bulk-trapping phenomena, only
bulk recombination plays a role. In this case, a long
TRMC signal would correspond to a slow recombina-
tion, so to high chargecarrier lifetimes that have enough
time to migrate to the surface, it means good photoac-
tivity. The relation becomes more complicated if bulk
trapping also plays a role. One must add that in the case
of titanium dioxide, an electrons bulk-trapping would
correspond to an increase of the decay rate and a holes
bulk-trapping to a decrease. It is, for this reason, diffi-
cult to draw the direct relation between a long TRMC
singal and a high photocatalytic activity. In the light of
the results of this work, in the case of TiO,, this relation
might be made, because neither in rutile nor in anatase
is observed a fast surface electron-trapping or a bulk
hole-trapping.

However, the long TRMC decay in anatase pow-
ders shows the availability of electrons for catalytic
reactions, whereas the excess holes are trapped at
the surface. This relation between a long TRMC de-
cay and a high photoactivity explains why anatase is
the most favorable structural modification of TiO, for
photocatalysis.

Experiments on TiO, powders on phenol pho-
todegradation in water are now on the run in order to
verify the hypothesis made before and to understand
better the relation between structure, charge-carriers
lifetimes and photoactivity.
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