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Abstract

We present here an overview of the application of the flash-photolysis time-resolved microwave conductivity technique (FP-
TRMC), a powerful method for the study of photo-induced charge separation in thin films of photovoltaic materials. The method
is illustrated by results obtained on dye-coated smooth and mesoporous layers of TiO,. In addition to a brief description of the
technique and the types of photoconductivity transients obtained, characteristic results are presented on the transient behavior and
intensity dependence of direct and sensitized charge separation. Furthermore, photoconductivity action spectra, the dye layer
thickness dependence, and the derivation of exciton diffusion lengths and interfacial charge injection efficiencies for sensitization
by both singlet and triplet photoexcitations will be discussed. To cite this article: J.E. Kroeze et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous présentons ici une revue des applications potentielles d’une méthode efficace permettant 1’étude des matériaux photo-
voltaiques et plus spécifiquement la séparation de charges photo-induite dans les films minces : Flash-Photolysis Time-Resolved
Microwave Conductivity Technique (FP-TRMC). L’utilisation de cette technique est illustrée par des résultats obtenus sur deux
types d’échantillons : des couches de TiO, recouvertes de colorant, mésoporeuses ou lisses. Apres une introduction portant sur
le dispositif expérimental et les différents profils de photoconductivité obtenus en régimes transitoires, nous présenterons les
résultats caractéristiques obtenus sur les phénomenes transitoires et 1’influence de I’intensité sur les séparations des charges
directes et sensibilisées. L’analyse des résultats portera d’abord sur les spectres d’action de la photoconductivité et I’influence de
I’épaisseur de la couche de colorant. Enfin, nous en déduirons des expressions de la longueur de diffusion des excitons et de
I’efficacité d’injection interfaciale des charges consécutive a la photoexcitation des singlets et triplets. Pour citer cet article :
J.E. Kroeze et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The conventional methods to study the photocon-
ductive properties of photovoltaic materials can be
divided into the following categories [1]: (1) measure-
ment of the current/voltage characteristics under steady-
state illumination, (2) laser excitation with time-
resolved detection of transient changes in conductivity,
(3) time-of-flight (TOF) studies of the charge carrier
drift in an electric field and (4) laser excitation with
time-resolved detection of transient changes in optical
absorption of the conducting species involved. Meth-
ods 1-3 require the preparation of thin, i.e. several tens
of microns at most, pin-hole free layers of the materi-
als under investigation, to which electrode contacts must
be applied. Although these restrictions clearly apply to
the fabrication of working photovoltaic devices, com-
plicating factors such as exciton deactivation at the elec-
trode layers, short-circuits, space-charge limited cur-
rents and non-ohmic contacts might hinder the ready
characterization and comparison of the separate photo-
voltaic materials involved. Method 4, transient absorp-
tion spectroscopy (TAS), is a valuable tool for moni-
toring the formation and decay of charge carriers in
conducting materials. However, since the determina-
tion of the extinction coefficients of all the transient
species involved is not straightforward, it may be dif-
ficult to obtain quantitative data from TAS measure-
ments.

Here we present a powerful complementary method
to characterize the photoconductive properties of thin
films of photovoltaic materials, the electrodeless flash-
photolysis time-resolved microwave conductivity tech-
nique (FP-TRMC). By using this technique, which uti-
lizes microwaves to probe the formation and decay of
mobile charge carriers, some of the problems associ-
ated with the use of electrode contacts might be over-
come. Furthermore, since the absolute conductance of
the materials involved can be readily determined from
its dielectric properties and the microwave cavity char-
acteristics, quantitative data such as charge separation
efficiencies and mobilities are easily extracted from
microwave measurements.

Due to the low electric field strength
(E max = 100 V/em) and ultrahigh frequencies (~10 GHz)
used, the mobilities obtained are virtually free of
domain and grain boundary effects an will mainly
reflect the mobility of charge carriers within organized

domains of the sample. Moreover, the use of nanosec-
ond time-resolution will ensure that the majority of the
mobile charge carriers will be probed before their dif-
fusion to intrinsic trapping sites. The mobility values
found can therefore be considered as the maximum
mobility that can be attained in a DC experiment with
well-organized domains between the electrodes [2].
Microwave conductivity was introduced in the mid-
40s by Margenau [3], and extended by Biondi and
Brown [4] Brown and Rose [5] to time-resolved stud-
ies of the diffusion and recombination of electrons and
cations in helium. In the early 1970s Warman et al. [6]
and De Haas et al. [7] introduced the pulse-radiolysis
time-resolved microwave conductivity (PR-TRMC) to
study mobile charge carriers generated by an electron
accelerator. The flash-photolysis TRMC technique,
which applies nanosecond laser pulses as the radiation
source, was developed in the 1980s [8,9] to study the
intramolecular charge separation in donor-acceptor
compounds and the dynamics of charge carriers in dilute
polymers solutions. Recently, a new FP-TRMC facil-
ity was built at our laboratory to study charge separa-
tion in thin films of photoactive materials [10-24].
Here we present a brief overview of the results
obtained with FP-TRMC on photo-induced charge
separation in bilayers of a dye-sensitized flat, smooth
film of a wide bandgap semiconductor (see Fig. 1) and
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Fig. 1. A schematic representation of the fundamental processes of
exciton diffusion and interfacial charge separation occurring within
a photovoltaic cell which can be studied using the FP-TRMC tech-
nique without the necessity of applying electrode layers. The exclu-
sion of such complications is particularly important when attemp-
ting to obtain fundamental information on the processes of exciton
diffusion within the antenna layer and charge separation at the
semiconductor/antenna interface.
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of dye-sensitized mesoporous nanocrystalline TiO,
films. Details on the sample preparation, the thin film
FP-TRMC setup and the data analysis will be pro-
vided. Furthermore, theoretical models for the deriva-
tion of, among others, the exciton diffusion length and
the interfacial electron injection efficiency are pre-
sented and discussed.

2. Experimental methods
2.1. Sample preparation

The substrates used are 1 mm thick 12 x 24 mm?
quartz slides coated with either a smooth (‘SM”) layer
of crystalline anatase, prepared by electron beam evapo-
ration [25], or a mesoporous nanocrystalline (‘MN’)
layer of anatase TiO,, prepared by doctor blading a col-
loidal paste followed by high-temperature (450 °C) sin-
tering. The thickness of the TiO, layers were charac-
teristically 50-100 nm (smooth) and a few microns
(mesoporous). Cross-sectional TEM and surface SEM
images of typical smooth and mesoporous layers are
shown in Fig. 2. The smooth layers were dye-coated by
spin-casting solutions of the organic chromophoric
compound onto the substrate. Mesoporous layers were
dye-coated by immersion of the substrate in a solution
of the chromophore for several hours.

This paper focuses on the results obtained with a
series of porphyrin derivatives, i.e. the free-base, zinc,
and palladium derivatives of tetracarboxy phenyl-
porphyrin; H,TPPC, ZnTPPC and PdTPPC, respec-
tively.

2.2. Optical properties

The optical properties were measured using a 220-
2200 nm spectral-range Perkin Elmer A-900 spectro-
photometer fitted with an integrating sphere which
allowed the fraction of reflected, Fg, and transmitted,
Fr, light to be measured. The absorption spectra, OD(4),
and attenuation spectra, F ,(4), were determined from
OD = -log,o[F/(1 — Fg)] and F, =[1 — (Fp + FR)].
The latter parameter, which is the fraction of incident
photons actually absorbed by the sample, is the more
relevant for comparison with the photoconductivity
observed in the FP-TRMC measurements.

2.3. Flash-photolysis (FP)

The coated quartz substrate was placed in an X-band
(8.2-12.4 GHz) microwave cavity at the position of the
maximum electric field strength at resonance, as shown
in Fig. 3. After evacuation of the cell to 2 x 107 mbar,
it was filled to atmospheric pressure with a
10:1 CO,/SF, mixture to suppress any possible signals
from highly mobile gas phase electrons produced by
photo-electron emission from the film [26]. The sample
can be positioned such that either illumination via the
substrate or via the film side is possible. The end-wall
of the cavity consisted of a metal grating covered with
a quartz window, which allowed the transmission of
the laser beam which was rectangular-shaped to close-
to-uniformly illuminate the 1.2x2.4cm” cross-
sectional area of the sample. The laser wavelength could
be continuously computer-controlled within the spec-
tral ranges of 240-320 and 420-700 nm. The incident

Fig. 2. Left: transmission electron microscopy (TEM) cross-sectional image of a smooth, ca. 80-nm-thick, film of anatase TiO, prepared by
electron beam evaporation (EBE). Middle: a scanning electron microscopy (SEM) image of the surface of a film of mesoporous nanocrystalline
TiO,. Right: the chemical structure of the porphyrin derivatives investigated, with M = H,, Zn and Pd.
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Fig. 3. A schematic representation of the microwave cell containing
the coated substrate. The sample can be positioned such that illumi-
nation either via the substrate or via the film side occurs.

intensity, I, photons/cm? per pulse, was in situ moni-
tored by reflecting a small, known percentage of the
beam from a quartz plate to a pyroelectric sensor. I
could be varied over the ranges 10'°~10"° photons/cm?
per pulse in the UV and 10''-10"° photons/cm? per
pulse in the visible, using a computer-controlled series
of metal-coated, neutral-density filters in tandem. The
pulse length was ca. 3 ns in the visible and ca. 2 ns in
the UV.

2.4. Time-resolved microwave conductivity detection
(TRMC)

The full FP-TRMC setup is schematically depicted
in Fig. 4. Changes occurring in the conductance, AG,
of the sample on flash-photolysis were monitored as
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Fig. 4. Schematic representation of the thin film FPTRMC setup,
including the option of CW background illumination.
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Fig. 5. Photoconductivity transients recorded on a logarithmic time-
base for 3-ns flash-photolysis at 430 nm of H,TPPC-coated SM TiO,
layer (full trace), an uncoated SM TiO, layer (dotted trace) and a

quartz substrate coated only with the porphyrin (dashed trace). From
Ref. [18].

changes in the microwave power reflected by the cav-
ity. The transients could be digitally recorded on a
variable-range, linear time-base or, in more recent
experiments, on a logarithmic time-base covering the
range from nanoseconds to milliseconds using a single
laser pulse. Signal averaging could be automatically car-
ried out in order to optimize the signal-to-noise ratio.
The overall time-response was ca. 18 ns when an iris
resonant cavity was used, as in the experiments reported
here. In the absence of the iris, a time-response of 1 ns
could be achieved. Typical photoconductivity tran-
sients are shown in Fig. 5 for uncoated and dye-coated
SM samples.

2.5. FP-TRMC data analysis

The absolute value of the conductance change could
be determined from the known cavity characteristics
and the dielectric properties of the sample. The prod-
uct of the quantum yield for charge separation per inci-
dent photon, #, and the sum of the charge carrier mobili-
ties, 2u, was calculated from the maximum value of
the conductance, AG, according to

max?

n2u=AG_ le B, (1)

In Eq. (1), e is the elementary charge and = 2.3 is
the ratio of the broad to narrow internal dimensions of
the waveguide. For comparison with working device
measurements, # is sometimes referred to as ‘IPCSE’,
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the incident-photon-to-charge separation efficiency.
Since IPCSE values are derived in the absence of elec-
trode layers, they can be considered as an upper limit
to the IPCE, the incident-photon-to-current-collection
efficiency that can be expected for a complete working
device.

The product of the quantum yield per absorbed pho-
ton, ¢, and 2u is related to the [IPCSE value simply by

¢ Zu=nZulF, (2)

In the experiments described here the conductivity
transients result from the formation of highly mobile
conduction band electrons in the semiconductor com-
ponent of the layer. 2u is therefore equal to the elec-
tron mobility in TiO, alone, u.(TiO,). The value of
1.(TiO,) can be determined by direct bandgap excita-
tion of the TiO, using 300-nm light for which the quan-
tum yield of electrons is assumed to be unity. This value
of u.(TiO,) can then be used to make absolute esti-
mates of the yield parameters, # and ¢, for the indirect
formation of electrons via charge injection from the dye
layer on photoexcitation in the visible [14,20].

3. Brief summary of results
3.1. Bare TiO,; direct bandgap excitation

As mentioned in the previous section, the conduc-
tive properties of bare TiO, layers can be characterized
by direct bandgap excitation in the UV. In fact, even
for dye-coated layers, 300 nm photons are invariably
preferentially absorbed by the semiconductor because
of its extremely high extinction coefficient at that wave-
length so that estimates of u.(TiO,) can be made in situ
even for the dye-coated layers.

The magnitude of the photoconductivity and the
dependence on light intensity are dramatically differ-
ent for smooth or mesoporous layers, as illustrated by
the results in Fig. 6. The former yields values of ¢ Zu
(= u.(TiO,)) which are more than an order of magni-
tude larger than for the latter, with values of the elec-
tron mobility of approximately 2 cm?/Vs; very close to
values determined for macrocrystalline anatase by other
methods [27]. Furthermore, while the smooth layers
show little dependence on intensity up to 10'3
photons/cm? per pulse, the mesoporous layers invari-
ably display an initial increase in photoconductivity
with increasing intensity, as shown in Fig. 6.
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Fig. 6. The intensity dependence of the product of the quantum yield
(per absorbed photon), ¢ Zu, on 300 nm photoexcitation of uncoated
layers of SM TiO, (filled squares) and 9-nm particle size MN TiO,
(open circles).

This initial superlinear increase in photoconductiv-
ity for MN TiO, is explained in terms of equilibrium
(surface) trapping within the nanocrystalline particu-
late matrix with the trapping sites becoming increas-
ingly filled as the intensity increases. That this is the
underlying reason has been shown by carrying out
FP-TRMC measurements on a sample, which was
exposed to continuous-wave (CW) background UV illu-
mination. Under these pre-saturation conditions much
larger photoconductivity transients were observed at
low intensities, while the effect of an increase with
increasing intensity was absent, as shown by the data
in Fig. 7. A trap-free electron mobility in these 9-nm
MN TiO, particles of 0.034 cm?/Vs was derived. The
phenomenon of electron trapping and the influence of
adsorbed sensitizer has been discussed more fully in a
recent publication [20].

3.2. Visible-wavelength action spectra
of porphyrin-coated TiO,

The sensitization effect of a dye layer is illustrated
by the transients shown in Fig. 5 for photoexcitation at
430 nm. For a porphyrin layer alone, no measurable
photoconductivity is observed. For the uncoated TiO,
arapidly decaying transient is observed, which is attrib-
uted to sub-bandgap excitation of the semiconductor
[14,19]. However, with the coating of tetracarboxy
phenyl-porphyrin (H,TPPC), a very much larger pho-
toconductivity is found, which only decays on a milli-
second timescale. This is attributed to the production
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Fig. 7. The intensity dependence of ¢» Zu for a bare MN TiO, film on
pulsed illumination with 300-nm light, in the absence (open squares)
and presence (filled diamonds) of 40 uW/cm?> CW UV background
illumination. The upper scale is the average number of photoexcita-
tions per nanoparticle. From Ref. [20].

of electrons in the semiconductor layer via interfacial
charge separation initiated by excitons formed within
the porphyrin layer.

Since the excitation wavelength of the laser can be
varied continuously from 420 to 700 nm, photoconduc-
tivity action spectra can be constructed over the com-
plete visible range. Such a spectral dependence is shown
in Fig. 8 for an H,TPPC/SM-TiO, bilayer. This figure
also illustrates one of the advantages of the present tech-
nique, the absence of electrode layers, which allows
the substrate to be easily reversed within the micro-
wave cell and illumination of either the front (dye-
coated) side or the back (quartz/semiconductor sub-
strate) side. As a result of the different (exponentially
decaying) absorption profiles within the dye, this leads
to entirely different dependences of the IPCSE on the
thickness of the coating. As can be seen, there is good
agreement between the IPCSE spectrum for illumina-
tion through the semiconductor side and the measured
attenuation spectrum of the sample, as expected on the
basis of the antenna function proposed. Furthermore,
the dramatically reduced charge separation efficiency
in the Soret band region (400—450 nm) on illumination
through the dye clearly demonstrates the effect of opti-
cal filtering by the sensitizer.

Information can be obtained on the exciton diffu-
sion length by studying the effect of varying the thick-
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- 0.2
= 0.0

450 500 550 600, 650 700
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Fig. 8. Wavelength dependence of the IPCSE for a 60-nm-thick
H,TPPC layer spin-coated onto a smooth, 80-nm-thick layer of ana-
tase TiO, on illumination via the TiO, side (filled circles) or the dye
side (open circles). The dotted line represents the measured photon
attenuation spectrum of the bilayer. The solid lines are fits to analy-
tical solutions to the diffusion equation, yielding an H,TPPC exciton
diffusion length of 0.8 nm; see text for details.

ness of the dye coating in a bilayer. By solving the dif-
fusion equations for exciton migration and charge
injection at the dye/semiconductor interface, it is pos-
sible to calculate the expected thickness dependence
and, upon comparison with experimental TRMC data,
derive values of the exciton diffusion length, A, and
the efficiency of interfacial electron injection, ¢;,;. Fur-
thermore, if the wavelength dependence of the absorp-
tion coefficient, , of the sensitizer is known, it is pos-
sible to fit the measured action spectra obtained on
front- and back-side illumination to the analytical solu-
tions of the diffusion equation. An example of this is
shown in Fig. 8, which demonstrates the marked influ-
ence of optical filtering by the antenna layer. A full
description of the measurements and the analytical solu-
tions to the diffusion equations for front- or back-side
illumination and for reflection or absorption of exci-
tons at the dye/gas interface is given in a recent publi-
cation [19].

We note here that the application of steady-state dif-
fusion equations is in fact only valid if the exciton life-
time is much shorter than the length of the illuminating
pulse used. For H,TPPC, this condition is fulfilled since
its exciton lifetime is much shorter than the laser pulse
length of 3 ns. In the following section we describe
results on triplet sensitization for which this condition
does not apply and non steady-state, numerical compu-
tational methods have to be used to describe the data.
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3.3. Delayed charge injection from triplet states
[15,24]

In Fig. 9 are shown the photoconductivity transients
observed on photoexcitation at 430 nm of metal-free,
zinc, and palladium derivatives of tetracarboxy phenyl-
porphyrin spin-coated onto a smooth, ca. 80-nm-thick
layer of TiO,.

The results illustrate the dramatic differences in mag-
nitude of the transients despite the similarity of the
antenna layer thicknesses (ca. 40 nm) and optical den-
sities at the Soret band maximum. In addition to the
large differences, particularly surprising is the large
after-pulse growth of the conductivity for the palla-
dium derivative over microseconds and the ultimate
large value of ca. 12% reached for the IPCSE; much
larger than found for any other dye-coated TiO, bilayer.

The delayed growth has been attributed to sensitiza-
tion of the TiO, via the triplet state of PATPPC, which,
because of its long lifetime, can diffuse to the interface
from within the antenna layer and inject an electron
into the semiconductor many microseconds after the
end of the laser pulse. The large difference between the
TPPC derivatives has been attributed to the heavy-
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Fig. 9. Photoconductivity transients on flash-photolysis (3 ns, 430 nm,
ca. 3 x 10" photons/cm?) of bilayers of TiO, coated with the (metallo)
porphyrin derivatives indicated. The photoconductivity is expressed
as the incident-photon-to-charge separation efficiency, IPCSE. Also
shown, as the dashed line, is the integrated intensity during the pulse
convoluted with the 18 ns response time of detection. Note the loga-
rithmic timescale. From Ref. [15].
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Fig. 10. Monte Carlo calculated fits (full lines) to the after-pulse
growth of the conductivity on (3 ns, 430 nm) flash-photolysis of a
PdTPPC-coated smooth layer of TiO,, for incident intensities (from
top to bottom) of 2.5 x 10", 23 x 10'® and 86 x 10'® photons/m*
per pulse. The inset shows the full experimental and simulated inten-
sity dependence at 20 ns and 10 ps. The parameters derived from the
fits are given in the text. From Ref. [24].

metal effect of the central Pd atom which lowers the
forbiddenness of intersystem crossing and allows the
nominal triplet state to diffuse via a Forster-type mecha-
nism rather than the much less efficient Dexter mecha-
nism which is usually assumed to apply for (pure) trip-
let states. As pointed out in the previous section, steady-
state approaches to the exciton diffusion problem cannot
be applied to cases for which the exciton lifetime is
comparable or longer than the period of illumination,
which is clearly the case for PATPPC. Accordingly we
have carried out numerical Monte Carlo type calcula-
tions of the exciton diffusion and interfacial charge
separation problem [24]. The results of such calcula-
tions are shown in Fig. 10, where best fits are shown to
PATPPC transients for different incident light intensi-
ties. From the fitting procedure the following param-
eters could be determined; a) the exciton diffusion coef-
ficient, 8 x 107! m?/s, b) the reaction radius for exciton-
exciton annihilation, 1.5 nm, and the efficiency of
interfacial charge separation, 0.44. Taking the triplet
state lifetime to be at least 10 ps results in an estimated
exciton diffusion length in PATPPC in excess of 28 nm.

3.4. Porphyrin-coated mesoporous TiO, [20]

In Fig. 11 are shown the photoconductivity tran-
sients observed on laser flash-photolysis at 520 nm of a
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Fig. 11. Absorbed-photon-normalized conductivity transients obser-
ved on photoexcitation at 520 nm of an H,TPPC film alone (dashed
trace), a mesoporous (Solaronix) TiO, film uncoated (dotted trace),
and coated with H,TPPC (solid trace). The values of I, were
4.4 x10',6.8 x 10" and 3.2 x 10" photons/cm? per pulse, respec-
tively. From Ref. [20].

3-um-thick film of Solaronix Ti-Nanoxide HT coated
with H,TPPC together with results for the semiconduc-
tor and porphyrin alone. As for the SM film shown in
Fig. 5, the presence of the porphyrin coating results in
very much larger signals, indicating sensitization by the
antenna layer to occur. The similarity between the decay
kinetics for the uncoated and the dye-sensitized MN
TiO, film, which are also independent of direct (UV
light) or sensitized (visible light) charge separation,
implies that electron trapping is the major decay path-
way on this timescale for mobile electrons in MN TiO,.
The maximum IPCSE value resulting from photoexci-
tations produced in the porphyrin layer on excitation in
the Soret band was 18%, which is much larger than the
value of only 1% found for the SM layer. The consid-
erably greater efficiency of using a nanocrystalline
mesoporous layer rather than a simple bilayer structure
is therefore apparent.

4. Conclusions

We have presented a brief overview of the applica-
tion of the FP-TRMC technique. Using this electrode-
less technique, valuable parameters of photoactive thin
films such as the transient behavior, photoconductivity
action spectrum and intensity dependence of direct and
sensitized charge separation can be measured. Further-

more, we have demonstrated that with the aid of ana-
lytical and Monte Carlo models, the derivation of exci-
ton diffusion lengths and interfacial charge injection
efficiencies is possible.
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