ELSEVIER Chemical Physics Letters 347 (2001) 304-310

26 October 2001

CHEMICAL
PHYSICS
LETTERS

www.elsevier.com/locate/cplett

Ultrafast and long-lived photoinduced charge separation in
MEH-PPV/nanoporous semiconductor thin film composites

Neil A. Anderson ?, Encai Hao #, Xin

Ai?, Gary Hastings °, Tianquan Lian ®*

& Department of Chemistry, Emory University, Atlanta, GA 30322, USA
® Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30303, USA

Received 18 May 2001; in final form 18 July 2001

Abstract

Photoinduced charge separation and recombination dynamics were investigated in composite materials of conju-
gated polymer deposited on nanocrystalline metal oxide thin film. Using femtosecond IR transient absorption spec-
troscopy, the electron transfer from the excited state of poly[2-methoxy-5-(2-ethyl-hexyloxy)-(phenylene vinylene)]
(MEH-PPV) to SnO, and TiO, nanoporous thin films is shown to occur with timescales of 800 and <100 fs, respec-
tively. Negligible carrier recombination is observed for MEH-PPV/SnO, within 1 ns. Microsecond charge recombi-

nation dynamics were measured using step-scan FTIR.
persisting for microseconds to seconds. © 2001 Elsevier

Long-lived charge separation is observed in both systems,
Science B.V. All rights reserved.

1. Introduction

Recently, composite materials of inorganic
semiconductor nanoparticles and conjugated
polymers have attracted much interest as photo-
voltaic materials. These materials are attractive
because of their potential to combine the unique
properties of semiconductor nanoparticles [1] and
conjugated polymers [2]. Photoinduced electron
transfer has been demonstrated in composites of
conjugated polymer/Cg, [3], conjugated polymer/
CdS and CdSe nanocrystal [4], and conjugated
polymer/TiO, [5]. These studies provide funda-
mental insight into interfacial processes and also
assist in designing efficient photovoltaic devices.
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Ideally, a composite photovoltaic device should
strongly absorb the solar spectrum, exhibit effi-
cient photoinduced charge separation, have slow
carrier recombination, and permit efficient charge
transport to the electrodes. The Gritzel solar cell
[6] employs dye-sensitized semiconductor nano-
crystalline thin films as the photoactive layer. In
this type of cell, optical excitation of sensitizer
molecules such as Ru(NCS),(dcbpy),(Ru N3)
leads to efficient charge transfer from sensitizer
excited state to semiconductor. A solar-to-electric
power conversion efficiency of 10% has been ob-
tained for this system [6]. Using nanocrystalline
films rather than nanoparticles is advantageous, as
it increases the ability of the semiconductor to
transport the charge to the electrode through the
connected inorganic network.

Conjugated polymer/inorganic semiconductor
nanoporous films have other appealing character-
istics. The polymer absorption spectrum and en-

All rights reserved.
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ergy levels are tunable through functionalization,
and charged conjugated polymers can serve as
charge-transport materials. The high surface area
of the film allows extensive contact between poly-
mer and nanoparticle. A large interface is critical
for this system. Conjugated polymers typically
have an exciton diffusion radius of 5-15 nm [7,8].
Excitations which occur farther from the interface
will likely decay without transferring charge to the
inorganic semiconductor, hurting efficiency. Re-
cently, a composite consisting of a nanoporous
TiO, layer with interpenetrating MEH-PPV as
both the photogeneration medium and hole
transporter showed good photoconductivity, and
promising efficiency [9].

Although charge transfer in conjugated poly-
mer/semiconductor composites has been demon-
strated for several systems, very little work has
been done to directly study the dynamics of the
transfer. For MEH-PPV/TiO,, the electron
transfer is thought to be substantially faster
than the rate of polymer exciton decay (~300
ps) [10], since transfer has been demonstrated
and the polymer photoluminescence is quenched
[11,12].

Previous work in our group has shown that
photoinduced electron transfer can be extremely
fast for dyes such as Ru N3 adsorbed onto the
surface of nanostructured semiconductors [13,14].
However, there are substantial differences between
these systems and composites involving conjugated
polymers. Excitons in polymer are delocalized over
a few monomer units and the chromophore re-
peats along the polymer chain. Excitation in the
polymer may therefore occur in regions having
varying local contact with the nanoparticle. If
there is sufficient polymer aggregation, ultrafast
interchain electron and Forster energy transfer
may also occur [15]. Furthermore, it has been
shown that energy may be funneled along a poly-
mer chain depending on its conformation and
presence of defect sites [16].

The actual electron transfer from polymer to
semiconductor nanoparticle represents an ET
process between delocalized donor and acceptor
states. This differs from the dye-sensitized system,
where ET occurs from the localized molecular
excited state to the delocalized semiconductor

conduction band. The added complexity provides
an exciting and challenging interfacial electron
transfer problem, and conjugated polymer/semi-
conductor composites may serve as an interesting
model system to study ET between delocalized
donor and acceptor states.

In this work, we present an ultrafast infrared
transient absorption study of photoinduced elec-
tron transfer from the conjugated polymer MEH-
PPV into SnO, and TiO, nanoporous thin films.
The mid-IR absorption signals at the investigated
wavelengths originate primarily from electrons
injected into the semiconductor film, which allow
measurement of the charge separation rate. The
long-lived charge separation is confirmed using
microsecond time-resolved step-scan FTIR differ-
ence spectroscopy.

2. Experimental

Colloidal SnO, was synthesized according to a
published procedure [17]. The transparent colloi-
dal SnO, solution was refluxed for 4 h. 100 ml of
this colloid was poured into an autoclave and he-
ated at 150 °C for 1 h, then at 270 °C for 16 h. The
solution was then concentrated to 30 ml and 15
drops of TritonX-100 were added. After 1 day
stirring, the solution was cast onto sapphire sub-
strates, and dried in air. The thin films were baked
at 480-500 °C for 1 h. The samples were then al-
lowed to slowly return to room temperature. Films
had good homogeneity and transparency. TiO,
nanocrystalline films were also prepared according
to a published method [18]. The nanoparticles
were not capped. Average particle size was ~10
nm for SnO,, and ~20 nm for TiO,, obtained from
SEM measurements.

MEH-PPV was prepared by the Gilch route
[19], similar to that used by Neef and Ferraris [20],
which employed the treatment of monomers (o,
o/ -dibromo-2-methoxy-5-(2-ethylhexyloxy)xylene)
with potassium fert-butoxide in organic solvents.
The TiO,/MEH-PPV and SnO,/MEH-PPV films
were prepared by soaking the nanoporous films in
a 1 mg/10 ml solution of MEH-PPYV in chloroform
for 2-5 h. The resulting composite films were wa-
shed with chloroform and dried in air.



306 N.A. Anderson et al. | Chemical Physics Letters 347 (2001) 304-310

Ultrafast experiments were carried out in a
pump-probe transient absorption scheme. The
details of the experimental setup have been de-
scribed previously [21,22]. Briefly, the second
harmonic of a regeneratively amplified Ti:Sapphire
system (Clark-MXR) at 400 nm was used for ex-
citation. The tunable mid-IR probe beam for these
experiments was generated by mixing the signal
and idler from an IR-OPA (Clark-MXR) in a
AgGaS, crystal to difference-frequency-generate
mid-IR wavelengths tunable from 3-7 pm. The
excitation power was ~3 pJ. The pump and the
probe beam sizes at the sample were 300 and ~500
um, respectively. The pulsewidth at the sample was
~200 fs, determined by measuring the signal from
a silicon wafer. The sample was constantly moved
during data collection. The sample was not no-
ticeably damaged as a result of the laser experi-
ment.

The experimental setup for measurement of
microsecond step-scan FTIR spectra has been
described elsewhere [23]. The present samples were
excited using 532 nm light at 10 Hz, with an ex-
citation power of ~3 mlJ, over a spot diameter of
~4 mm.

3. Results and discussion

Ultrafast kinetic traces were collected for
MEH-PPV/SnO, film using probe energies of
2550, 2000 (shown in Fig. 1), and 1725 cm™'. The
dynamics observed at all investigated probe
wavelengths were identical within error. A naked
film of SnO, showed only a slight signal, since
SnO, has small absorption at 400 nm and low
pump power was maintained to avoid multiphoton
excitation. Therefore, the MEH-PPV/SnO, signal
results from processes following absorption of
light by the polymer. All the three MEH-PPV/
SnO, kinetic traces were globally fit using a model
convoluting the instrument function with a single
exponential absorption increase and a very long-
lived decay. The global fit yielded an 800 + 200 fs
timescale for the absorption increase and did not
clearly resolve the slight (<5%) decay. Fig. 1 also
shows the signal obtained from a silicon wafer to
indicate the instrument-response function.
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Fig. 1. Transient kinetics measured at 2000 cm~' for MEH-
PPV/SnO, film (open circles) and SnO, naked film (dashed
line). The dotted line is the signal from a silicon wafer, included
as a reference of the instrument function. The risetime of MEH-
PPV/SnO, signal was fit using a single exponential with 800 fs
timescale. The inset shows the MEH-PPV/SnO, signal extend-
ing to 1 ns. On this longer timescale, virtually no signal decay is
observed.

Fig. 2 shows the femtosecond transient ab-
sorption signal for MEH-PPV/TiO,. It differs
substantially from the data for the SnO, compos-
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Fig. 2. Open circles show the MEH-PPV/TiO, kinetic trace
probing at 2000 cm~'. Open triangles show the corresponding
data for MEH-PPV/ZrO,. The inset shows the long-time dy-
namics. The MEH-PPV/TiO, data were fit convoluting the
Gaussian instrument function with an instrument-limited (<100
fs) absorption increase, and a three exponential decay with
timescales of 2, 75 ps, and infinity.



N.A. Anderson et al. | Chemical Physics Letters 347 (2001) 304-310 307

ite. For MEH-PPV/TiO,, the absorption signal
appears with a timescale <100 fs. Additionally, the
signal decays ~50% within 1 ns.

Electron transfer from polymer to nanoparticle
is anticipated for both composites. Charge transfer
has previously been demonstrated for an MEH-
PPV/TiO, composite [12]. The polymer excited
state lies higher in energy than the TiO, conduc-
tion band, resulting in favorable energetics for the
electron transfer [24,25]. The SnO, conduction
band lies even lower in energy than that of the
TiO, [25], so electron transfer from MEH-PPV to
SnO, is also energetically favorable.

In order to analyze the data presented in Figs. 1
and 2, the origin of the femtosecond mid-IR ab-
sorption signal must be discussed. In the com-
posite, several species may contribute to the
absorption signal: (1) intrachain MEH-PPV exci-
tons, (2) MEH-PPV polaron pairs formed via in-
terchain charge transfer, (3) MEH-PPV positive
polarons generated by electron transfer to SnO,,
(4) electrons injected into SnO,. Species (1) and (2)
are not related to electron transfer from MEH-
PPV to SnO,, while (3) and (4) are products of the
charge transfer. See [26] for a review of polymer
excitons and polarons.

In a neat MEH-PPYV film, an absorption signal
with a <100 fs risetime has been previously re-
ported probing at 1500 cm~' [27]. We observed
similar dynamics probing an MEH-PPV film at
2000 cm~!. The fast-appearing absorption signal
has been assigned to polarons formed by inter-
chain electron transfer, which is possible when the
polymer molecules are in close contact, as in a film
[27]. However, polaron formation via interchain
charge transfer is strongly inhibited when polymer
chains are dispersed [28]. In the nanoporous film
composites, the polymer molecules are somewhat
dispersed due to the irregular surface. However,
some interchain transfer may still be possible,
which would contribute to the observed signal.

As a control experiment, an MEH-PPV/ZrO,
film was prepared with similar polymer concen-
tration as MEH-PPV/TiO,, and studied under
identical conditions. ZrO, was chosen because it
has a higher-lying conduction band, which pre-
vents electron transfer from MEH-PPV [12]. The
trace is shown in Fig. 2. A small absorption signal

is observed, with a fast rise, and decay dynamics
that qualitatively agree with those of [27] and our
neat MEH-PPV film probed at 2000 cm~'. How-
ever, the MEH-PPYV film signal was more than five
times larger, which can be attributed to the in-
creased contact between chains.

MEH-PPV intrachain excitons are not signifi-
cant contributors to the observed IR signals. The
excitons have a 200-300 ps lifetime at room tem-
perature [10]. However, the MEH-PPV/SnO, mid-
IR absorption remains nearly constant for at least
1 ns, and MEH-PPV/TiO, also exhibits slower
decay dynamics. Furthermore, excitation of MEH-
PPV/ZrO, should form an abundance of excitons,
yet its mid-IR signal was quite small and exhibited
dynamics which agreed with the polaron signal
seen in MEH-PPV film and Ref. [27].

The absorption signals from MEH-PPV/TiO,
and MEH-PPV/SnO, are therefore dominated by
electron transfer from polymer to nanoparticle,
although they may contain a small contribution
from interchain transfer. Transfer from polymer to
nanoparticle forms an MEH-PPYV positive polaron
and an electron injected into the semiconductor
nanoporous film. MEH-PPV positive polarons
have a broad subgap absorption band centered at
0.53 eV (~4300 cm™'), which extends below
2500 cm~! [12]. Electrons injected into a semi-
conductor conduction band also exhibit a very
broad absorption in the mid-IR. Our group has
frequently used this absorption to study photoin-
duced electron transfer for molecular dye/
nanostructured semiconductor systems [14,29,35].
Although two species may be responsible for the
signal shown in Fig. 1, both are products of the
electron transfer from polymer to inorganic semi-
conductor. Therefore, the risetime of the mid-IR
absorption in these composites corresponds to the
timescale of photoinduced electron transfer. This
transfer is subpicosecond for both samples. Elec-
tron transfer in these composites can be as fast, or
even faster than the transfer from a molecular dye
chemisorbed to the colloid surface [14]. The origin
of the differences in risetime and decay of the
MEH-PPV/SnO, and MEH-PPV/TiO, signals will
be discussed below.

Time-resolved step-scan FTIR difference spec-
troscopy with 5 ps time resolution was used to
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verify photoinduced charge separation and clarify
the spectra of the polaron and injected electron.
The 50 ps spectrum for MEH-PPV/TiO, is shown
in Fig. 3. A broad absorption band is seen at
~4300 cm~'. This coincides with the MEH-PPV
polaron subgap absorption band [12]. Narrower
bands are also present at ~1500 cm~!, and <1200
cm~'. These lower-energy bands have been ob-
served following photoinduced electron transfer
from MEH-PPV to Cg, [30]. They arise from in-
frared active vibrations (IRAV), in which Raman-
active modes become IR-active due to the presence
of a charged defect on the chain (i.e., a polaron)
[31]. These bands may be used as a probe of the
charge carrier density, and their presence further
confirms long-lived photoinduced charge separa-
tion. The microsecond kinetic trace for the
4300 cm™! absorption band is shown in Fig. 4. The
IRAV bands showed identical decay dynamics.
Substantial decay is observed, but some charge
separation persists well beyond 1 ms for MEH-
PPV/TiO,.

As discussed earlier, the IR signal may arise
from both MEH-PPV positive polarons and in-
jected electrons. However, only the polaron signal
is clearly resolved in the MEH-PPV/TiO, data. To
explore this, the spectrum of a Ru N3-sensitized
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Fig. 3. Step-scan spectra collected at 50 ps for MEH-PPV/SnO,
(solid line), Ru N3/SnO, (dashed line), and MEH-PPV/TiO,
(dotted line). The symbols represent the fit to the MEH-PPV/
SnO, spectrum from a scaled sum of the Ru N3/SnO, and
MEH-PPV/TiO, signals.
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Fig. 4. Normalized microsecond kinetic traces for MEH-PPV/
TiO, positive polaron band (open squares), MEH-PPV/SnO,
polaron band observed at ~4300 cm~! (open circles), and
MEH-PPV/SnO, injected electron absorption observed at
2100 cm™! (open triangles). The MEH-PPV/TiO, trace fits us-
ing exponential components with timescales of 3, 80 ps, and
infinity. Both MEH-PPV/SnO, traces are fit using exponential
components of 3, 44, and 500 ps.

TiO, film was also collected. Charge recombina-
tion in an unbiased Ru N3/TiO, system occurs on
the ps—ms timescale [32]. However, the step-scan
spectrum again showed no clear evidence of
the TiO, electron signal. The failure to observe the
injected electron is therefore due to decay of
the electron absorption cross-section. Rapid cross-
section decay due to electron trapping has been
observed in colloidal TiO, particles [33] and thin
films [34].

The 50 us MEH-PPV/SnO, spectrum is also
shown in Fig. 3. It exhibits two broad absorption
bands. The higher-energy band is suggestive of the
polaron electronic transition seen in MEH-PPV/
TiO, above. Additionally, the narrow IRAV peak
at 1500 cm™' is evident, clearly indicating charge
separation. The second broad absorption increases
toward lower-energy probe, and exhibits no clear
peak. The spectrum of a Ru N3-sensitized SnO,
film is shown in Fig. 3. In contrast to Ru N3/TiO,,
this sample shows a broad absorption, gradually
rising toward longer wavelength. This corresponds
to the electron injected into SnO,.

Therefore, the MEH-PPV/TiO, spectrum cor-
responds to the MEH-PPV positive polaron, and
the Ru N3/SnQ, signal corresponds to the electron
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injected into SnO,. Charge transfer in MEH-PPV/
SnO, results in formation of both species. As an-
ticipated, the MEH-PPV/SnO, spectrum is well
reproduced by a scaled sum of the two compo-
nents (shown in Fig. 3). The kinetic traces for the
two bands are shown in Fig. 4. Both exhibit
identical dynamics, indicating that the decay is
exclusively carrier recombination, and there is no
electron cross-section decay on this timescale. The
microsecond recombination dynamics are faster
than those of MEH-PPV/TiO,, with recombina-
tion virtually complete within 1 ms.

The differences in the ultrafast dynamics of the
two composites may now be discussed. The MEH-
PPV/TiO, signal decayed ~50% within 1 ns, while
the MEH-PPV/SnO, signal showed no significant
decay. Based on the step-scan experiments, the
polaron does not strongly contribute to the tran-
sient absorption at the ultrafast probe wave-
lengths. Therefore, the signals arise primarily from
the injected electron. Since the electron cross-sec-
tion decay in TiO, is much faster than in SnO,, the
early decay seen in MEH-PPV/TiO, may be at-
tributable to electron trapping rather than fast
carrier recombination. This issue will be addressed
in a future study.

An interesting feature of both MEH-PPV
composites is the lack of evidence for multiple
injection timescales from excitons that diffuse
varying distances to the interface prior to injec-
tion. Signal from this process could be masked in
the present data by electron cross-section decay.
Future work will address the extent of slow injec-
tion in these systems. Nevertheless, it is clear that
the majority of charge transfer in both composites
occurs within ~1 ps. The large interface of the
composite minimizes the necessity for exciton dif-
fusion. This indicates that charge transfer can be
quite fast and efficient in polymer/nanoporous
semiconductor film composites assuming favor-
able energetics and a large interface.

Although SnO, has a lower-lying conduction
band than TiO,, it exhibits slower electron injec-
tion. The relative energy of the polymer exciton
compared with the semiconductor conduction
band is therefore not the only factor affecting in-
jection rate. It is possible that this difference is a
result of different film morphology between the

two semiconductors. However, slower injection to
SnO, has been observed for molecular dye-sensi-
tized semiconductors as well [35]. The reason for
this is still being studied, and may relate to the
differences between the conduction band of SnO,,
which is of s orbital character, and TiO,, which is
of d orbital character. This affects coupling, and
also the density of accepting states in the semi-
conductor conduction band.

4. Conclusions

We have demonstrated subpicosecond photo-
induced electron transfer from the conjugated
polymer MEH-PPV to SnO, and TiO, nanopor-
ous thin films. The large interface between the two
materials and favorable energetics facilitate the
ultrafast charge transfer, minimizing the need for
exciton diffusion to the interface. Although the
MEH-PPV is physisorbed rather than chemi-
sorbed to the surface, the observed electron
transfer rate is extremely fast. The slower injection
rate for SnO, despite a lower-lying conduction
band indicates that energetics are not the only
factor determining the injection rate. Morphology
of the composite and the nature of the semicon-
ductor conduction band are also important factors
in the rate and efficiency of the charge transfer.

MEH-PPV/SnO, exhibited virtually no carrier
recombination within 1 ns. MEH-PPV/TiO, shows
significant signal decay within 1 ns, although this
may arise from electron trapping in the TiO,, ra-
ther than carrier recombination. Both composites
show a large decay in charge separation on the
microsecond timescale, although some carriers in
MEH-PPV/TiO, persist for several seconds. The
ability to easily prepare composites which undergo
fast charge separation and slow recombination
show that conjugated polymer/inorganic semi-
conductor nanoporous film composites hold
promise for photovoltaic applications.
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