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Transfer characteristics of organic transistors using
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Carrier Transport and Ratio-Dependent Electronic Structures
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Near-IR stimulated resonance Raman spectra of charge carriers
photogenerated in poly(3-hexylthiophene) blend films
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Phonon Modes of Molecular Crystals Studied by Terahertz Spectroscopy and Solid-state

Density Functional Theory; a Concept of Vibrational Coordinate Distribution

(Molecular photoscience research center, Kobe Univ.”, Center for condensed matter sciences, National Taiwan
Univ.”) O Feng Zhang’, Houng-wei Wang ™", Keisuke Tominaga", Michitoshi Hayashi”"

[Introduction] Phonon, one of the fundamental vibration forms in the matter world, plays important role in various
physical processes, e.g. thermal conduction, information conduction, biological functions, especially in the low-
frequency region." ? Despite of the successful interpretation of phonons in the simple systems such as metal,
semiconductor and inorganic solids, phonon modes in the more complicated molecular system have not been fully
explored. This task has been enabled by recent advances of the terahertz (THz) spectroscopy and the solid-state
density functional theory (DFT). In this work we will introduce a recent progress in understanding the low-frequency
molecular phonons using the two methods.

[Methods] Two THz setups were used in this work. One is based on difference frequency mixing principle and was
used to generate a broad THz radiation band from 20 to 200 cm™ .2 The other is a THZ-TDS system (Aispec, Japan)
based on a photoconductive antenna system for generating and detecting THz radiation in a frequency region from 5-
100 cm™. The solid-state DFT calculations implemented with a periodic boundary condition were performed in the
CRYSTALO9 software package*®. The Grimme’s dispersion correction term D~ was used to augment the DFT
functionals. All calculations were carried out at the basis set level of 6-311G(d,p)°. The geometries were optimized
under a full relaxation condition: both the atomic coordinates and unit cell parameters were allowed to relax. The
frequency calculations were carried out by diagonalizing the mass-weighted Hessian matrix in Cartesian coordinates
at the gamma point. The IR intensities were determined through the Berry phase approach.” In addition, accumulated
DFT simulation evidence has indicated that the mixing of inter- and intra-molecular vibrations is an intrinsic
property of molecular phonons in the low-frequency region. We have developed a quantitative mode-analysis method
that allows for accurate characterization of a normal mode of interest into its elementary vibrational components
such as intermolecular translation, libration and intramolecular vibrations.?

[Results and Discussion] A crucial issue in solid-state DFT is the accurate representations of intermolecular
interactions such as electrostatic force, exchange-correlation interaction and dispersion force. The first two
interactions have been thought much successfully described at the current functional level. However, the
dispersion force remains a challenge to be surmounted. In the regards, the crystalline anthracene, a pure
dispersion force system, serves as an ideal model to examine the accuracy of theoretical calculations.
Consequently, the reliability of our simulations get proven against a rigorous criterion of the reproduction of a pair
of modes B1 and B2 of crystalline anthracene (Fig. 1, left panel). The conventional viewpoint regards modes B1 and
B2 as arising from the correlation field splitting of a butterfly motion, consequently they should have equivalent
isotope shift (IS). In fact, the IS (4.7%) of B2 is slightly lower that that (5.5%) of B1. Our simulation results provide
a satisfactory explanation as follows: firstly, the CFS has been accurately reproduced at an accuracy level of 5.1%. It
is found that the splitting of B1 and B2 does not arise from one-component intramolecular vibration, but from a two-
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Fig. 1 Simulation result for crystalline anthracene. Left panel shows a comparison between the experimental and simulated THz modes for
protonated and deuterated anthracene, respectively. Right panel shows the analysis results for mode B1 and B2.The upper and lower layers
represent the percentage contributions of translation and intramolecular vibrations, respectively. The black column represents the residue motion.



component vibration involving a primary butterfly and a secondary out-of-plane torsion (Fig. 1, right panel);
secondly, both modes have a relatively strong contribution from intermolecular translation, and the contribution in
mode B2 is slightly larger than that in B1 (Fig. 1, right panel). Because the intermolecular translations normally
possess smaller 1Ss than intramolecular vibrations, the 1S of B2 consequently become small.

Gaining the confidence of the accuracy of the DFT simulations, we are able to apply a mode-analysis method
recently developed® to shed light on the vibrational characteristics of low-frequency phonons in a series of typical
molecular systems. The main results can be demonstrated by a comparison of three difference molecular systems:
C60, adenine and L-alanine, which represent the readily increased intermolecular interactions from dispersion force,
to the interplay of dispersion force and hydrogen bonds, to the interplay of Coulomb force, dispersion force and
hydrogen bonds. As shown in Fig. 2, the mixing rate of inter- and intra-molecular vibrations exhibits a steady
increase with the increased strength of intermolecular interactions, reflecting the intrinsic vibrational characteristics

of different intermolecular force systems.’
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Fig. 2 Vibrational characteristics of molecular phonon modes below 300 cm™ of crystalline C60, adenine and L-alanine systems, respectively.
Panel (a), (b) and (c) represent the percentage contributions of intermolecular translation, libration and intramolecular vibrations, respectively.

Among the above three systems, L-alanine provides an old system of new interest, in which abundant
information of intramolecular vibrations is hinder in the low-frequency phonons through the strong mixing with the
intermolecular vibrations, and that was seldom explored in the past. To investigate the properties of such motions, we
project the vibration vectors of the intramolecular components in the gamma-point phonon modes of L-alanine into a
set of intramolecular vibrational coordinates properly introduced. As a result, a new phenomenon—vibrational
coordinate distribution (VCD)—has been revealed. VCD describes a general distribution of important intramolecular
vibrational coordinates, e.g. COO™ and NH3" torsions, in phonon modes of a broad frequency region (Fig. 3), which
is totally contrary to the conventional point of view that intramolecular vibrations should be confined within a few
modes resulting from the correlation field splitting. This finding may lead to a new recognition of the nature of
molecular phonons in the biological systems and may imply solutions to several unsettled problems.
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Fig. 3 VCDs of intramolecular vibrational coordinates in gamma-point optic phonons of crystalline L-alanine in a frequency region of 0- 800 cm™.
The left and right panels show VCDs of two important intramolecular vibrations of COO" torsion and NH3", respectively, for a demonstration.
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Ultrafast dynamics of coherent phonons and singlet fission in rubrene single crystal

( Kyoto University!, The University of Tokyo?)
K. Miyatal, S. Tanaka!, T. Sugimoto !, K. Watanabel, T. Uemura2, J. Takeya2, Y. Matsumoto?!
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Electric Field Assisted Non-adiabatic Tunneling in Methylene Linked
Phenanthrene-(CH,),-Phthalimide as Revealed by Electrophotoluminescence

(Hokkaido University) Kamlesh Awasthi and Nobuhiro Ohta

[Introduction] Photoinduced electron transfer (PIET) rate is significantly affected by an electric
field because of the field-induced change in free energy gap and in electronic coupling between
the initial and final states of the electron transfer [1-3]. Intramolecular PIET reaction where the
electron transfer occurs between donor (D) and acceptor (A) through the methylene chain
provide unique information how the field-induced change in PIET rate depends on the D-A
distance and the surrounding temperature. The so-called electro-photoluminescence
spectroscopy (electric field-induced change in photoluminescence intensity measured as a
function of wavelength) is powerful for investigating PIET dynamics. In the present study, we
have examined the D-A distance and temperature dependence of the electric field effects on
photoluminescence of methylene linked compounds of phenanthrene-(CH2)n-phthalimide (PH-
(n)-P1) having different chain lengths (n =1-5) in a PMMA film.

[Experimental] The sample films of PH-(n)-Pl embedded in PMMA were deposited on indium
tin oxide (ITO)-coated quartz substrates by a spin coating technique from benzene solution in
which a mixture of PH-(n)-PI and PMMA with a weight ratio of about 1 to 50 was dissolved.
The thickness of the sample was ~0.5 pm,

. . . . (a) ,-"'~, Photoluminescence
measured with an interferometric microscope i
(Nano Spec/AFT-010-0180, Nanometric). Then a 061 Aofd T
semitransparent aluminum (Al film was deposited | AR
by vacuum deposition technique. The ITO and Al P T
films were used as electrodes. Electric-field- 0l

induced changes in photoluminescence spectra

were measured using the electric field modulation ' ' - . '
. L (b R

spectroscopy.  Electromodulation ~ of  the 7or® A oEpL

photoluminescence intensity was induced by a :

sinusoidal ac voltage with a frequency of 40Hz. ”g 301 %I_:f
The field-induced photoluminescence changes ;’-E .50
< 2sf

were detected with a lock-in amplifier (SR830,
SRS) at the second harmonic of the modulation
frequency. Measurements at different
temperatures were carried out by using cryogenic
refrigerating system (Diakin V202C5LR). _ Wavelength (nm)

[Results and Discussion] Photoluminescence (PL) Fig. 1 Temperature dependence of PL and
and electrophotoluminescence (E-PL) spectra of E-PL spectra of PH-(CH),-P

PH-(1)-PI in a PMMA film were observed at T= 295 and 50 K, respectively (Fig. 1). The field
strength was 1MV cm™. Excitation was done at the wavelength where the field-induced change
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in absorption intensity was negligible. The
observed PL spectra, which show a well-defined
vibrational structure, are assigned as the spectra
emitted from the locally excited state of
phenanthrene. The shape of E-PL spectra is very
similar to the shape of PL spectra, indicating that
the locally excited photoluminescence of PH-(1)-
Pl is enhanced by an electric field. The field-
induced enhancement of PL at room temperature
Is ascribed to the field-induced reduction in the
rate of intramolecular PIET.

The PL and E-PL spectra are essentially
independent of the temperature, as far as the
spectral shape is concerned [Fig. 1], and only the
intensity increases as the temperature decreases.
But, the field-induced-reduction rate of PIET,
which was estimated from the ratio between E-PL
and PL intensity at the peak of PL spectra (~370
nm), at first increases till the temperature 200K
and then start decreasing with further decreasing
the temperature; at 50K the field-induced
reduction rate remains ~50% of at room
temperature [Fig. 2], suggesting that the field-
induced reduction rate of the intramolecular PIET
become less efficient at low temperatures.

With a longer methylene chain (n = 3), at
room temperature field-induced enhancement of
the PL spectra was observed, but surprisingly the
field-induced quenching of the PL was observed

18.9r

AL/ (x107)

12.6r

AT (x10™)

at 50K [Fig. 3]. The field-induced quenching of PL
at low temperature is ascribed to the field-induced
enhancement of the intramolecular PIET rate. With further increasing the methylene chain (n =
5), even at room temperature the electric field-induced quenching of PL was observed, and that

quenching rate decreases as the temperature decreases.
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Fig. 3 Temperature dependence of PL and
E-PL spectra of PH-(CH,)3-Pl.

A theoretical consideration has been done to understand the recent experimental results
concerning the electric field-induced enhancement and quenching of PL spectra with respect to
the donor-acceptor distance and temperature (a part of the result is shown in figure 2). The
theoretical model predicts that the field assisted tunneling plays important role in the mentioned

changes under the electric field.
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Photocurrent Action Spectra of Perfluoropentacene Thin Films

(Kyoto Univ., Inst. Chem. Res.)  Richard Murdey and Naoki Sato

Introduction

While the fluorinated analog of pentacene (PEN), perfluoropentacene (C22F14, PFP),
retains the molecular and electronic structure of the unsubstituted molecule, the electron
withdrawing fluorine atoms shift of the HOMO and LUMO-derived states to larger binding
energy leading to n-type (electron transporting) semiconductor behavior. [1] TD-DFT
calculations predict that the energy and relative strength of the first two singlet exciton
transitions also changes. Both the So—S1 (B1uw) and So—S3 (Bzu) singlet excitons are shifted to
lower energy in PFP compared to the same transitions in PEN, and the magnitude of the
transition dipole moment switches in PFP to favor the So—Ss transition. These differences are
clearly observed in the optical absorption spectra of the thin films [2], and as the So—Ss
transition of PFP falls within the measurement range of our apparatus, this material offers us
a good opportunity to examine the relative photocurrent yield of the So—S: and So—Ss singlet
excitons in a molecular semiconductor. (The So—Sz transition has no appreciable intensity in
either molecule.)

In this study, we measure the photocurrent as a function of excitation wavelength for
thin film perfluoropentacene devices with either gold or aluminum electrodes. The photon
energy range covers both the first and singlet exciton transitions, as well as the most probably
position of the charge transfer states and the transport energy gap. A comparison of the
photocurrent yield spectra with the in situ optical absorption coefficients shows drastic
differences between the optical transition probability and the photogeneration yields,

reflecting differences in both the charge separation of the excited states and their orientation.

Experimental

PFP (Kanto Denka Kogyo Co. Ltd.) was used as received. Single crystal sapphire
[0001] substrates (Shinkosha) were first annealed at 1000 °C in air to expose atomically flat
terraces, over which 100 nm aluminum or gold electrodes spaced 0.1 mm apart were vacuum
deposited through a metal mask. A thin titanium adhesion layer was used with the gold
electrodes. Once placed inside the measurement chamber, the substrates were degassed at
150 °C under ultrahigh vacuum before use. Films were prepared by thermal deposition and
the substrate temperature was kept at 50 °C. The deposition rate was 1 + 0.5 nm min™L.
Photocurrent action spectra were evaluated for wavelengths from 400 nm — 1100 nm using a
Bunkokeiki  SM-25  monochromatic  light source and a  Keithley 6487

picoammeter-sourcemeter. The incident photon flux was 101® photons m-2 and the applied



electric field was 105 V m™1. Dark current subtraction was performed for each data point. In
situ absorption spectra were taken from transmitted light sampled with an optical fiber
terminating under the device. Optical absorption coefficients were checked ex situ on a
reference 40 nm PFP film, prepared identically to the measurement sample but without the

metal electrodes.
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Figure 1. Photocurrent yield (circles) for a 5 nm thick PFP film, with the reference (solid

line) and in situ (dotted line) absorption spectrum.

Results and Discussion

The dark current in the PFP devices was highly variable, but conductivity was
cheifly limited to the first few molecular layers next to the substrate surface. The observed
photocurrents are comparatively small. A typical result for a thin PFP film corresponding to
this conductive interface region is shown in Figure 1. The in situ absorption spectrum is noisy
but comparable to the reference: the So—S1 transition starting at 1.8 eV is clearly seen, but
the So—Ss transition starting at 2.8 eV is attenuated as a result of the well-ordered,
perpendicular orientation of the PFP molecules in the film. The photocurrent spectrum, in
contrast, shows a strong signal at 2.8 eV but very little at 1.8 eV. In addition there are a series
of regular peaks at 2.0, 2.2, and 2.4 eV which do not correspond to the S1 manifold that we

assign to charge transfer states.
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