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Abstract: Some redox-active ionic liquids, organic amorphous solids containing electron-donating moieties, and
conductive polymers can efficiently transport positive electrical charges. These hole-conducting media find in-
creasing applications in unconventional solar cells and organic light-emitting diodes. Appropriate methods are
required to unravel the detailed conduction and trapping mechanisms in these materials as well as to fully un-
derstand the interplay of molecular vibrations and charge transport processes. Here we present terahertz time-
domain spectroscopy (THz-TDS) as a powerful technique, that allows the direct determination of the complex
conductivity of hole transporting materials in a contactless, purely optical manner. Beyond the measurement of
the conductivity of solid and liquid materials, THz (far infrared) spectroscopy also provides direct information of
the librational and vibrational modes coupled to charge transport processes and therefore is invaluable in the
study of the mechanism of polaronic transport in matter. Application of this technique is illustrated by examples
provided by the study of the ionic liquid 3-methyl-1-propylimidazolium bis(trifluoromethane) sulfonimide (PMIT
FSI) and that of the molecular liquid hole conductor 10-methylphenoxazine. Both systems are of particular inter-
est, as both types of holetransporting media are successfully used as alternatives to solvent-based electrolytes

in dye sensitized solar cells

Keywords: Electrical conductivity - Electron transfer - Far IR spectroscopy - Hole-transporting materials -
Terahertz time-domain spectroscopy

Introduction

The conducting and semiconducting prop-
erties of organic materials, such as ionic
liquids, molecular liquids, glasses and poly-
mers have attracted an increasing amount
of attention during the past decades due
to their possible applications in photoac-
tive systems like light-emitting diodes and
photovoltaic cells and in electronics. The
main advantages of these materials over
conventional semiconductors include low
cost, easy processing and the possibility to
produce flexible devices.
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A tremendous increase of the world-
wide energy consumption and decreasing
resources of fossil energy urges the re-
search for alternative energy sources and
for energy-saving devices. Dye-sensitized
nanocrystalline solar cells (DSCs)t:2] and
excitonic organic solar cellsi34! are be-
lieved to be cheap and sustainable alterna-
tives to silicon and thin-film photovoltaics,
whose energy pay-back time may exceed
several years. Sealing of DSCs contain-
ing an organic solvent-based electrolyte
is, however, a potential source of stabil-
ity problems and represents an important
fraction of the total cost of production of
such devices. Hole-transporting materials
(HTM) that allow the conduction of posi-
tive electrical charges usually by a hop-
ping mechanism through an amorphous
solid are already successfully employed
in organic light-emitting diodes (OLEDs),
whose commercial applications in displays
and TV screens are growing rapidly. Like-
wise, non-volatile ionic liquids and organ-
ic charge-transporting solid materials like
spiro-OMeTAD are viewed as interesting
replacements to solvent-based electrolytes
in DSCs.[251. Imidazolium-based ionic
liquids containing the redox couple .-/ I
have proved to be particularly interesting
and power conversion efficiencies of up to
8.2% have been achieved.[¢!

The optimization of organic conducting
and semiconducting materials for the use in
diodes and photovoltaic cells requires the
origin and the nature of charge-transport
processes in organic materials to be unrav-
elled and the fundamentals of the optical,
the electronic properties and the underly-
ing photo-physics to be understood.

Conventionally such studies are per-
formed using ac- and dc-conductivity mea-
surements,[”! time of flight experiments!8!
and optical pump-probe spectroscopy. In
contrast to the first of those experimen-
tal methods, linear terahertz time-domain
spectroscopy (THz-TDS) is a contactless,
coherent, all optical technique, that allows
direct determination of the complex con-
ductivity of the probed material. Because
of its ability to resolve mechanisms on the
timescale of nuclear and electronic motion,
time-resolved optical pump-probe spec-
troscopy is particularly interesting for scru-
tinizing spin®! and charge dynamics.[10.11]
Optical pump-THz probe spectroscopy!!0]
allows one to observe induced changes in
the conductivity as well as to determine if
free charge carriers are formed directly or
if they are formed via dissociation of exci-
tons. Therefore, THz-TDS is an invaluable
tool which brings additional insight into
the fundamental nature of charge transport
in such materials. In particular, the sensi-
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tivity of THz-TDS to free charges and low
frequency vibrations offers the possibility
to probe the possible coupling between
those vibrations and the moving charges
giving rise to polaronic transport.

The firstapplications of THz-TDS were
in the domain of physics where it was used
to study bound states such as excitons in
semiconductors,['2) Cooper pairs in super-
conductors!3l and low energy transitions in
metal oxides. This technique has also been
applied in many other fields, such the anal-
ysis of gases by rotational spectroscopy,!'#
and the dynamics of liquids(!3] and biologi-
cal molecules.l’6! THz spectroscopy has
also been successfully used to determine
the efficiency of the formation of excitons
and charge carriers in polymers.[17]

Terahertz Time-Domain
Spectroscopy

THz-TDS is a nondestructive and non-
contact technique which provides direct
access to both the imaginary and the real
part of the optical refractive index of the
probed material. While the real part of
the refractive index is directly related to
the speed of light in matter, the imaginary
part gives straight-forward information
on light absorption in the far infrared and
therefore information about active low-
frequency vibrational modes. The com-
plex refractive index can also be directly
translated in terms of complex electrical
conductivity of carriers in the material.
THz-TDS bridges the gap between mid-
infrared spectroscopy and microwave
techniques; it covers the range from 100
GHz to several THz. Converted to other
units 1 THz corresponds to 33.33 ¢m™,
4.16 meV, or 300 um. This spectral region
in the far-infrared wavelength domain has
been difficult to access due to technical
problems which have been overcome by
using femto-second laser pulses for the
generation and detection of THz radia-
tion.[18]

There are several methods to generate
THz radiation by using photo-conducting
antennas, planar antennas or optical rec-
tification. Because optical rectification is
the difference frequency mixing analogue
to second harmonic generation, the band-
width of the optical pulse determines the
accessible THz frequency range. For ultra
short laser pulses, with a broad frequency
bandwidth, all the frequency components
are differenced with each other, produc-
ing a pulse with frequencies from 0 to sev-
eral THz. To obtain a broad THz spectrum
a broad spectral width of the optical pulse
is needed, which is accomplished by us-
ing femtosecond pulses. The advantage of
optical rectification is that the THz pulse
width depends only on the duration of the
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Fig. 1. Schematic representation of the data acquisition and analysis in linear THz-TDS.

optical pulse and on the phonon absorp-
tion modes of the crystal.

The detection of THz pulses is usually
done by free space electro optic sampling
(FSEOS). This technique is based on the
Pockels effect, in which the electric field
of the THz pulse induces birefringence
in a detector crystal. If an optical gating
pulse travels through the detector crystal
at the same time as the THz pulse, its po-
larization is rotated. This rotation of the
polarization is proportional to the magni-
tude of the THz electric field. By varying
the delay of a visible light gating pulse
the THz electric field can be mapped out
in the time domain.

In our setup!®l a chirped pulse ampli-
fied Ti:Sapphire laser system provides
120 fs pulses at a 1 kHz repetition rate
and at a central wavelength of 778 nm.
One part of the beam is used to generate
nearly single-cycle THz pulses via opti-
cal rectification in a ZnTe crystal. The
THz pulse is focused on the sample and
the transmitted pulse is refocused on the
ZnTe detector crystal by gold mirrors.
The other part of the initial laser beam is
used as a gating beam and guided over a
delay line onto the detector crystal. The
birefringence induced by the THz electric
field rotates the polarization of the gat-
ing beam in a way that it is elliptically
polarized after a quarter wave plate.
The two polarization components are
then separated and subtracted by a pair
of balanced photo detectors. The signal
of the photodiodes is then measured by
a lock-in amplifier referenced to a chop-
per wheel placed in front of the generator
ZnTe crystal.

Extraction of the Complex
Parameters by THz-TDS

Recording a THz time-domain spec-
trum consists of two measurements, one
of the sample and one of a reference with
known parameters, which have to be car-
ried out under exactly the same conditions.
A typical THz-TDS signal is shown in
Fig. 1.

One of the unique characteristics of
THz-TDS is that not only the amplitude
but also the phase shift is measured after
having passed through the sample material.
This allows the simultaneous determination
of the refractive index and the absorption
coefficient without any approximations,
assumptions or the use of the Kramers-
Kronig analysis. In Fig. 1 one notices that
the sample signal is retarded with respect
to the reference signal and its amplitude
is decreased. The time delay between the
reference and the sample signal gives an
estimate of the refractive index:

_ (n-n, )L
c

At (1)

where n is the refractive index, L the op-
tical path in the sample material, Az the
time delay and ¢ the velocity of light in
vacuum.

The procedure to extract the complex
conductivity, the complex dielectric func-
tion, the refractive index and the absor-
bance in outlined in the following. The
general idea is to fit the experimentally
determined transmission coefficient to a
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model transmission coefficient taking into
account the transmission and reflection at
each interface, as well as the propagation
and multiple reflections inside the media.

After appropriate time windowing and
zero padding, the Fast Fourier Transform
(FFT) of the sample signal is divided by
the FFT of the reference signal to obtain
a frequency-dependent transmission coef-
ficient. The model transmission coefficient
1s derived by using the Fresnel equations
for reflection and transmission. Fig. 1 il-
lustrates the path of the light and particu-
larly the different interfaces that have to be
taken into account to develop an expression
for the model transmission coefficient. An
expression for the model transmission co-
efficient for a quartz cuvette is given in Fig.
1.t represents the Fresnel transmission co-
efficients at the interface between medium
iand j, and p, and FP_ are the propagation
coefficient and a Fabry-Perot interfer-
ence term in medium j, respectively. The
last term has to be added to account for
multiple reflections when the optical path
in the cuvette is too small to allow for a
temporal separation between the directly
transmitted pulse and its reflections inside
the cuvette.

Calculation of all terms of this ex-
pression requires a value of the complex
refractive index 7 of the sample. This is
evaluated by performing a complex fit of
the model transmission coefficient to the
experimental one.

Having extracted the complex refrac-
tive index 7i = n + ik, the dielectric func-
tion ¢, the conductivity o and the absorp-
tion constant « can be calculated from the
following expressions. Importantly, it is
noted that the real part of the conductivity
differs from the absorption constant only
by a constant factor.

E=¢+e"=n*-k*+2nk Q)
O =0"+0"=2nKkE, w+Ii€<,
w(l-n" +x7) 3)
2wK
o= 4)
c

where &1is the complex dielectric function
with &’ and ¢ being the real and imaginary
part respectively, n is the refractive index,
K the extinction coefficient. & is the com-
plex conductivity with ¢’ and ¢” being the
real and imaginary part, respectively, €,
the permittivity of free space, w the angu-
lar frequency, and ¢ the speed of light.

Examples

The application of the THz-TDS tech-
nique tothe case of two differentliquid hole-
conducting mediaisillustratedhere. Fig. 2A
displays the real and imaginary part of the
conductivity of a melt of pure 3-methyl-1-
propylimidazolium bis(trifluoromethane)
sulfonimide (PMITFSI) ionic liquid, as ex-
tracted from the raw THz temporal signal.
The real part of the conductivity is seen
to increase monotonically with increasing
frequency; behavior which is characteris-
tic of a disordered or localized system with
no long range order such as in a liquid. As
the frequency increases, the length scale
for carrier displacement becomes shorter
and for a disordered system the conductiv-
ity increases. Therefore the conductivity
can certainly not be described by a free
electron model, like the Drude Modell20!
developed to describe the electronic con-
duction in metals and predicting a decrease
of conductivity for increasing frequencies.
A negative imaginary conductivity as ob-
served for PMITESI at frequencies below
1.7 THz could be explained by the Drude-
Smith model.l2H Additionally, the conduc-
tivity spectrum of PMITFSI shows a broad
peak at about 2 THz that is indicative of
an absorption resonance. The associated
vibrational mode (at © = 66.7 cm™) was

assigned to an oscillation of the distance
separating contiguous anions and cations
in the ionic liquid. A detailed study of this
particular feature, as well as that of elec-
trical conduction mechanisms in redox-
active ionic liquids containing iodide and
triiodide at various concentrations and
temperatures will be reported elsewhere.
Fig. 2B shows the real conductivity
obtained from THz-TDS of 10-methylphe-
noxazine, a liquid hole transporter. Spectra
are provided for the pure molecular com-
pound, as well as for the liquid containing
two different concentrations of an oxidizer.
As in PMITFSI the conductivity spectrum
shows an increase of conductivity with in-
creasing frequency that is characteristic for
disordered systems. The conductivity spec-
trum of the pure 10-methylphenoxazine is
almost flat. Comparing the conductivities
of pure PMITFSI and pure 10-methylphe-
noxazine at 0.3 THz one notices that the
conductivity of the ionic liquid is about one
order of magnitude higher than that of the
liquid hole conductor. While in PMITFSI
the conductivity is ensured by diffusion of
ions, the absence of charge carriers in the
neutral molecular liquid makes this medi-
um an insulator. By oxidizing the 10-meth-
ylphenoxazine with NOBF,, stable radical
cations of the compound are formed, which
are thought to contribute to the conductiv-

Conductivity [S/cm]

Real Conductivity [S/cm]

10%
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ity by a hopping mechanism. The conduc-
tivity increases proportionally to the con-
centration of holes and thus increases with
chemical oxidation (p-doping). In addition,
two resonance features are observed at 1.6
THz and 2.15 THz in the partially oxidized
sample and tend to be more pronounced for
larger degrees of doping. The very small
resonance peaks found in the conductivity
spectrum of the undoped sample likely re-
sult from residual oxidation due to contact
with air. The associated vibrational modes
are therefore assigned to the phenoxazine
radical cation. The geometries of the neu-
tral phenoxazine molecule and its radi-
cal cation are quite different. The neutral
molecule adopts a highly non-planar con-
figuration bent on the line connecting the
nitrogen and the oxygen, while the radi-
cal cation has a more planar structure.[22!
A nuclear reorganization by bending and
stretching of the bonds as well as a reor-
ganization of the surrounding molecules
has to take place prior to the actual charge
transfer in the hopping event in order to
achieve electronic resonance between re-
actant and product state. The activation
energy of this process can be obtained,
according to the Marcus theory, from the
intersection of the free energy curves as
a function of nuclear coordinates of the
donor and acceptor molecule. One could
imagine testing whether the observed vi-
brational modes in the conductivity spec-
trum contribute to the population of the
transition state by performing THz-pump
THz probe experiments. Besides the inter-
nal reorganization energy, the electronic
coupling between two neighboring mol-
ecules plays an important role for the rate
of charge transfer in such systems.
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