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Abstract: The dynamics of short-lived charges generated by pulsed radiations such as elec-
tron beam (EB) and photon was investigated to elucidate their reactivity, electronic proper-
ties, and spatial behavior on a nanometer scale. Chemical reactions of radical cations (hole)
and anions (electron) in condensed matter (organic liquids, polymers, and conjugated mate-
rials) occupy an important place in postoptical nanolithography and organic electric devices.
The spatiotemporal evolution of charges during geminate ion recombination was measured
by a highly improved picosecond (ps) pulse radiolysis and incorporated into a Monte Carlo
simulation to clarify the key role of the charges in the formation of latent image roughness
of chemically amplified resists (CARs). The dynamics and alternating-current (AC) mobility
of transient charge carriers in conjugated materials such as polymer and organic crystals were
studied by the combination of microwave conductivity and optical spectroscopies, revealing
the potential plausibility for high-performance electric devices. Anisotropy measurement and
methodology to resolve the sum of mobility into hole and electron components without elec-
trodes have also been demonstrated.

Keywords: pulse radiolysis; geminate ion recombination; postoptical lithography; conjugated
materials; charge carriers.

INTRODUCTION

Nanoscience and nanotechnology have been some of the most famous terminologies in the past several
years not only in academic research fields, but also in industrial applications such as cosmetics, health
care, lithography, etc. [1]. Regarding the technology to inspect nanometer-scale topology, since a trans-
mission electron microscope was invented by Ernst Ruska and Max Knoll in 1931 [2] and further im-
provement of spatial resolution had been performed, the human race has gained a direct observation tool
to access a nanometer-scale structure that is much smaller than the wavelength of visible light. Other
microscopes like an atomic force microscope and scanning tunneling microscope were developed and
have served as indispensable tools for the direct observation of ultra-small structure with high resolu-
tion on the nanometer scale or less.

Radiations [e.g., α-ray, β-ray, γ-ray, neutron, cosmic ray, charged particle (ion) beam, X-ray, and
photon beam] have been used in various fields such as inspection of small structure or element of ma-
terials (e.g., X-ray diffraction, microscopes, and spectroscopy), fabrication of nanostructures (e.g.,
photo/electron beam (EB) lithographies, focused ion beam), improvement or reformation of materials

*Pure Appl. Chem. 81, 1–84 (2009). A collection of invited, peer-reviewed articles by the winners of the 2008 IUPAC Prize for
Young Chemists.
‡Corresponding author: Tel.: +81-6-6879-8502; Fax: +81-6-6876-3287; E-mail: saeki-a@sanken.osaka-u.ac.jp



(e.g., curing, crosslink of rubber), production of energy (nuclear reactor), human health care (e.g., can-
cer therapy, roentgen), and sterilization (e.g., foods, medical instruments). While all applications using
the radiations are not covered above, it should be emphasized that the radiations have occupied an im-
portant place in nanotechnology as a probe to measure reactions or as a source to generate chemical in-
termediates. 

Although the state-of-the-art microscope technologies provide methods to observe ultra-small
structures with high-spatial resolution, their time resolutions have not been enough to investigate the
chemical and physicochemical reactions which occur on femto-, pico-, and nanosecond time scale, ex-
cept for time- and space-resolved fluorescence spectroscopy [3]. With respect to the spectroscopies of
bulk materials without spatial resolution, ultra-high time resolution has been achieved with the advent
of femto- or attosecond lasers, which enable us to investigate many kinds of chemical reactions. 

As for the reactions induced by high-energy EB, since a stroboscopic pulse radiolysis analogous
to a pump-probe photolysis was developed in 1970 [4], improvements of the measurement system and
investigations on reactivity of chemical intermediates have been conducted worldwide. The simultane-
ous ability to accompany time and spatial resolutions has not been realized yet for photoabsorption
spectroscopy by pulse radiolysis. The author and co-workers have approached a picosecond (ps)- and
nanometer-scale reaction by reconstructing a time evolution of spatial distribution of positive and neg-
ative charges by measuring and analyzing the kinetic traces of the recombination of these charged
species. A liquid alkane was employed as a model compound of polymer. The results were applied to
the investigation on the nanometer-scale space-resolved chemical reactions in chemically amplified re-
sists (CARs) which have been used in the mass production of integrated electric circuits. As the feature
sizes of circuits shrink, roughness of the topography has emerged as one of the most serious problems
in the normal operation of transistors. The author elucidated the formation mechanism of nanometer-
scale roughness of latent images and quantified the dependence of roughness on process parameters by
using original Monte Carlo simulations. It was clarified for the first time that the nanometer-scale dy-
namics of the chemical intermediates correlates with and has significant impact on the topography
roughness of ultra-small pattern. 

In contrast with the “top-down nanotechnology” represented by lithographic techniques, “bottom-
up nanotechnology”, such as self-assembly and molecular nanoelectronics, has evolved as a major class
of research topics in recent years. Considerable effort has been devoted to the development of novel or-
ganic materials and their characterizations. There is no doubt that the investigations on nanometer-scale
dynamics of charge carriers (i.e., electric conductivity and mobility) are important not only to produce
a complete picture of physics and chemistry that occur in the nanometer-scale electronics, but also to
improve their performances. The feasibility of such a low-cost, high-efficient, and flexible device has
been of great interest for the realization of high-informative ubiquitous society. The author approached
nanometer-scale electric conductivity of conjugated materials by using microwave as a probe. The mi-
crowave conductivity technique reflects intrinsic charge carrier mobility because this alternating-cur-
rent (AC) technique does not necessitate an electrode, and thus, the effect of undesired factors such as
impurities, structural defects, and strong electric field disturbing thermal motion of charge carriers are
minimized. 

PICOSECOND- AND NANOMETER-SCALE DYNAMICS OF CHARGES BY PULSE
RADIOLYSIS

Over the past decades, pulse radiolysis has served as a useful tool for detailed investigations on chem-
ical kinetics of ultra-fast phenomena initiated by radiation. Since radiation-induced reactions include
many of the intermediates that are difficult to be monitored and/or generated substantially through con-
ventional organic chemistry, the research centered around this technique has diversified into various
fields, such as radiation chemistry, nuclear engineering, biochemistry, radiotherapy, environmental
chemistry, organic chemistry, and lithography. Stroboscopic pulse radiolysis [4] using pulsed radiation
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and a probe light pulse, which is known as the pump and probe method in flash photolysis, is appro-
priate for the direct measurement of the dynamics of short-lived species in ps range and shorter. With
the advent of the femtosecond (fs) laser, the present trend in ps pulse radiolysis systems is a combina-
tion of the EB linear accelerator (linac) as an irradiation source and fs/ps lasers as probe light.
Development of the systems and research studies using them have been performed on a worldwide level
[5,6]. 

Ionizing radiations such as EB and extreme ultraviolet (EUV) have attracted much attention be-
cause of its high convergence and potential use as a manufacturing tool of semiconductor devices and
nanotechnology-based products. For a full-fledged industrial application of ionizing radiations forth-
coming, the basic understanding of both radiation chemical reactions and the spatiotemporal details of
the short-lived species generated by irradiation become important. The realization of nanolithography
depends on the development of resist materials capable of resolving nanofeatures.

In order to perform highly accurate experiments of ps pulse radiolysis, it is indispensable to de-
velop and improve the measurement system, in terms of time resolution, signal-to-noise (S/N) ratio, and
extension of available wavelength of probe. Figure 1 shows the schematic of the pulse radiolysis sys-
tem based on an L-band linac at the Institute of Scientific and Industrial Research (ISIR), Osaka
University. The time resolution is determined by the pulse durations of EB and probe light, time jitter
between the electron and probe pulses, and velocity difference of the beam and probe light in a sample
(related to length of optical path and refractive index of a sample). As for the pulse width of EB and the
time jitter, they were minimized by the development of magnetic pulse compression system [6a] and
time-jitter compensation system [6b], respectively. In addition to the development of high time resolu-
tion, the expansion of available wavelength range is essential for exploring various kinds of short-lived
intermediates and gaining precise pictures of their structure, electrical states, reactivity, and so on. For
this purpose, the author and co-workers introduced a new trigger/synchronization circuit and an optical
parametric amplifier (OPA) which can tune the wavelength of an fs laser from ultraviolet (UV) to in-
frared (IR) [7]. An OPA, however, cannot generate a continuum spectrum, but rather only two or three
discrete wavelengths at the same time. To overcome this drawback, the author developed further a new
system [8] utilizing a stable white light continuum generated by focusing the fundamental oscillation
of an fs laser into a sapphire or CaF2 plate, a high-sensitivity charge-coupled detector (CCD) array, and
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Fig. 1 Schematic of subpico-, pico-, and nano-second pulse radiolysis at ISIR, Osaka University. 



double probe pulse technique [9]. The S/N ratio was increased by approximately 30 times in compari-
son with the previous white light continuum system [10]. These developments to improve the meas-
urement accuracy are very important especially in the pulse radiolysis experiments, due to low repeti-
tion rate limited by, for example, linac and data processing and the minimization of radiation damage
of a sample. 

Using the present system, radiation-initiated chemical reactions in nonpolar liquid were investi-
gated. Low linear energy transfer (LET) radiation, such as high-energy EB, deposits its energy to ma-
trix via ionization and excitation, where most of these events occur independently in the material as
shown in Fig. 2a. The ionization gives rise to radical cations (RH•+) and electrons (e–) with excess en-
ergy. The electrons with sufficient energy cause further ionization and excitation until they lose their ki-
netic energies and become thermalized. In an early stage of a chemical reaction, intermediate species
such as a radical cation and a thermalized electron exist in a spur that is produced along the trajectory
of the incident and secondary electrons. The pair of the parent radical cation and the thermalized elec-
tron is called a geminate ion pair. In a nonpolar liquid, most of the geminate ion pairs recombine
through the diffusion in the Coulombic field, since most of the thermalized electrons exist in Onsager
distance: rc where the thermal energy is equivalent to the Coulomb potential (kT = e2/εrc). This reac-
tion is referred to as a geminate ion recombination, and considerable effort has been devoted to under-
standing this reaction both experimentally [11] and theoretically [12]. Figure 2b is indicative of a ki-
netic trace of geminate ion recombination monitored at 790 nm, which is mainly assigned to radical
cation. The solid line is a theoretical curve obtained from the Smoluchowski equation describing diffu-
sion under the Coulombic potential. In contrast to bulk charge recombination, the theoretical fitting of
the geminate ion recombination can convert the kinetic decay into time evolution of mutual distance of
the radical cations and electrons, due to the inhomogenous reaction in a spur [9b]. As shown in Fig. 2c,
the initial distribution function assumed to be exponential with an average distance of 6.6 nm was rap-
idly changed to a Gaussian-like shape with the extension of the average distance. The same experiment
and analysis have been performed as well for liquid aromatics: benzene and reported a narrower distri-
bution function, probably due to more efficient thermalization of electrons produced via ionization [13].
These results and analysis procedures are applied to the simulation of dynamics of chemical interme-
diates in CARs presented in the next section. 
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Fig. 2 (a) Illustration of energy-transfer events along the trajectories of low-LET EB. (b) Kinetics of geminate ion
recombination in n-dodecane monitored at 790 nm by ps pulse radiolysis. The solid line is a theoretical fitting
curve. (c) Time evolution of mutual distance of the radical cations and electrons converted from the kinetic analysis
of geminate ion recombination. 



Not only the geminate ion recombination but also charge transfer from radical ion to scavenger
are important primary reactions in radiation chemistry. The author investigated ultra-fast positive charge
transfer from solvent radical cation to a cation scavenger: triethylamine (TEA) [14]. On the nanosec-
ond time scale, a few to tens of mM concentration of scavenger are enough to complete the diffusion-
controlled charge-transfer reaction. This implies that the charge-transfer reaction in the presence of a
high concentration of scavenger must be surveyed on the ps time scale. The kinetics of the radical cation
with 0.05–4 M TEA showed an acceleration of the decay caused by the diffusion-controlled scaveng-
ing reaction with the rate constant of 7 ± 3 × 109 M–1s–1; however, accompanying significant decrease
of the initial yield of radical cation. This decease could not be explained by a time-dependent rate con-
stant and insufficiency of time resolution. Therefore, the author focused on the charge-transfer reaction
without diffusion, i.e., a static quenching which is observed for excited-state quenching in the presence
of high-concentrated quencher. The effect that the radical cation adjacent to the TEA molecule without
diffusion was formulated by consideration of clustering of the TEA molecules, exclusive volume effect,
statistical analysis, and Poisson theorem, giving 1 – exp[–cV(c)], where c and V(c) are the concentra-
tion of solute and a parameter, respectively. The V(c) has been understood as a constant value repre-
senting the volume of a sphere [15]; however, it was proved to be a variable determined by concentra-
tion, exclusive volume, and clustering of solutes. The decrease of initial yield of radical cation was well
explained by the adjacent effect and direct ionization of solute. This effect was also examined by a con-
figurational-bias Monte Carlo simulation [16] which reproduces a solvent/solute system in liquid phase.
Figure 3 shows snapshots of the simulation. The number of solvent molecules adjacent to solute mole-
cule as shown in Fig. 3d was counted, and the probability that the positive charge directly transfers to
solute was calculated. The dependence on solute concentration was identical to the statistical model by
assuming a reaction radius of 0.5 nm. This radius is reasonable from the viewpoints of molecular sizes
of solvent/solute and almost no contribution of electron tunneling across neutral molecules. 

In contrast with the nonpolar solvent, the thermalized electrons generated via ionization in polar
solvent such as water [17], alcohol [18], ether [19], and ionic liquid [20] are immediately surrounded
by solvent molecules, giving rise to solvated (hydrated) electrons. They have strong and characteristic
photo-absorptions in visible or IR region. Among them, tetrahydrofuran (THF), which is one of the typ-
ical ethers and has been often used as a good solvent for many aromatics and polymers, has not been
well surveyed, in particular on the ps time scale. THF is suitable for the investigation of the reactivity
of electrons with photoacid generators (PAGs) [21], which serves as a counter-anion source of acid in
CARs, and, thus, it is important to gain more information on the reactivity of solvated/presolvated elec-
trons in THF to shed light on the nature of reaction mechanism of electrons with PAGs or polymeric
materials. Biphenyl was used as the scavenger of solvated electrons and its precursor, because it has
been widely used in radiation chemistry and the radical anion of biphenyl has strong photo absorption
at near-UV and visible wavelength. Picosecond pulse radiolysis in the wavelength range from 400 to
900 nm and discrete 1300 nm was carried out, demonstrating a comprehensive study on the reactivity
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Fig. 3 Reproduction of solvent/solute mixed solution by configurational-bias Monte Carlo simulation. (a) Outer
view. (b,c) Inside the box. (d) One solute (TEA) and solvent molecules which are adjacent to each other.



of electrons in THF, i.e., formation of biphenyl radical anion, decay of solvated electrons, and decrease
of initial yield of solvated electrons were measured and analyzed simultaneously with the same param-
eter set [22]. A C37, which is defined by the solute concentration to reduce the initial yield of solvated
electrons to 1/e, was found to be 87 ± 3 mM. The rate constant of solvated electrons with biphenyl was
determined as 5.8 ± 0.3 × 1010 M–1s–1. The reaction radius between biphenyl and the solvated electron
was found to be 0.44 nm from the rate constant obtained here and the diffusion constants of biphenyl
and the solvated electron. At higher concentration of biphenyl (ca. >1 M), further increase of initial
yield of biphenyl radical anion (ca. 10 % at 2 M) was observed, accompanying a fast decay component.
This fast decay, converging on the flat level found for the low concentration of biphenyl (ca. 200 mM),
was explained by the scavenging reaction of precursor of solvated electron by biphenyl and subsequent
delayed germinate ion recombination of biphenyl radical anion.

NANOMETER-SCALE DYNAMICS OF PROTON AND ACID IN RESIST POLYMER

Since CAR [23] was deployed in the lithography industries, fabrication of fine pattern has been
achieved with high sensitivity. The CARs which utilize photoinitiated acid-catalyzed reaction during
postexposure bake (PEB) also have substantial promise for the use in the next-generation lithography
industries. The rising demands for higher performance and lower cost for each bit have driven the wave-
length of the exposure light source toward shorter from g line and i line to KrF and ArF excimer lasers.
In order to realize a pattern transfer on the scale of, for example, 22 nm, extensive efforts have been de-
voted to the research and development of postoptical lithography using EUV, 13.5 nm, and EB radia-
tion. As feature sizes shrink, line edge roughness (LER) and line width roughness (LWR) have emerged
as some of the most serious problems [24] in the normal operation of transistors and have been sub-
jected to intensive experimental and computational investigations [25] from the viewpoints of physical
and chemical properties of resist polymers, process factors such as development condition, and quality
of exposure source or electron scattering processes including shot noise. On the stage of the 22-nm tech-
nical node, the LWR is required to be less than 1.7 nm, which is almost comparable to the size of a typ-
ical resist molecule. To date, an effective methodology not only to meet this requirement but also to be
applicable to mass production has not been established. While ionizing exposure sources such as EUV
and EB demonstrate the feasibility of ultrafine patterning, it has been reported that the mechanism of
acid generation initiated by these ionizing radiations differs from that in photolithography [9,26]. The
EUV and EB, of which energies exceed the ionization potential of resists, homogeneously ionize the re-
sist molecules, giving rise to radical cations of mainly resist polymers and ejected electrons. Protons are
generated by deprotonation reaction of the radical cations of resist polymers, and counter-anions are
produced via dissociative electron attachment between acid generators and the ejected electrons.
Therefore, the initial spatial distributions of protons and counter-anions are different from each other. 

In order to elucidate the LER formation mechanism and estimate the contribution of the dynam-
ics of chemical intermediates in CARs to LER, the author has performed a Monte Carlo simulation on
the basis of ps pulse radiolysis experiments [27]. All of the chemical reactions in CARs exposed to ion-
izing radiations are listed below, where the monomer unit of poly(4-hydroxystyrene), a typical resist
polymer, is denoted as Ph-OH (nonprotected) or Ph-OR (protected). Ionic PAG is represented by a com-
bination of cationic and anionic parts (C+A–). 

Ph-OH → Ph-OH•+ + e– (1) Ionization

Ph-OH•+ + e– → Ph-OH* (2) Recombination 

Ph-OH* → Ph-OH (3) Deactivation

e– + C+A– → C• + A– (4) Reaction with PAG

Ph-OH•+ + n(Ph-OH) → Ph-O• + n(Ph-OH)H+ (5) Deprotonation
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H+ + A– → H+A– (6) Acid formation

Ph-OR → Ph-OH + X (7) Deprotection by proton or by acid during
PEB

H+ + Q → QH+ (8) Proton quenching

H+A– + Q → QH+ + A– (9) Acid quenching

Figure 4 demonstrates the scheme of the simulation from the exposure to EB to the formation of
latent image after PEB. It should be noted that all of the above chemical reactions and their spatio-
temporal information are involved in the simulation. Base quencher:Q (usually amine which captures
and immobilizes proton) is incorporated, because it is used in the actual resist system to enhance LER
and spatial resolution. In photolithography, PAG is directly excited, forming acid, and thus the energy
deposition and acid formation are identical. However, in EB or EUV lithography, reactions 1–6 would
play a key role in the formation of latent images. The correlation between the dynamics of chemical
intermediates and formation of LER of latent image was revealed for the first time. Details are presented
later in this section.

After the PEB, the latent images are developed by development process in solvent. Figure 5 shows
snapshots taken during the development process projected parallel or perpendicular to a substrate [28].
The colors in the figures indicate the percentage of dissolved meshes in the z or y direction. The actual
development process has many parameters such as polymer size, solvent size, polymer conformation,
dissolution curve, polarity of polymer, etc. However, for simplicity, only the dissolution curve and ac-
tivation energy of deporotection reaction were incorporated into the simulation to examine the pattern
transfer of latent images to the developed feature. A 1-nm cubic mesh was also assumed. 
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Fig. 4 Nanometer-scale dynamics of proton, anion, and acid in EB-CA resist reproduced by Monte Carlo
simulation. (a) Irradiated area. (b) Initial distribution of proton (white) and anion (gray). (c) Latent image catalyzed
by proton. (d) Initial distribution of acid before PEB. (e) Latent image catalyzed by acid. (f) Superimposition of (c)
and (e).

Fig. 5 Snapshots of developed pattern during development process. The gray-scale color indicates the percentage
of dissolved meshes in the perpendicular or parallel direction to the substrate. The picture at the right is a
3-dimensional image of developed pattern. 



The dependence of LER defined by 3 σ (standard deviation) of edge roughness of latent image is
shown in Fig. 6a. Note that the latent image is a pattern feature before development process. With the
increase of the line width, which is proportional to the acid diffusion length, the LER was found to be
improved and then deteriorated after passing the minimum point. This result is also observed experi-
mentally and can be explained in terms of a smoothing effect and fluctuation in the diffusion length of
each acid at the line edge. By increasing the exposure dose or quencher concentration, the curve of the
LER line width was shifted to a shorter line width and smaller LER, due to the enhancement of image
contrast. Figure 6b indicates the minimum LER found for the LER line width curve for each exposure
dose and relative quencher concentration. One would notice that the LER decreased sharply with the
exposure dose. The quencher concentration also shows distinguishable LER improvement. However,
oversupply of quencher yields a vermiculate latent image, leading to a failure of development. This is
suggestive of adequate quencher concentration to form normal line features. On the other hand, the in-
crease of exposure dose enlarges the margin of involved quencher concentration. The minimum LER of
the latent image was 9.5 nm for 5 µC cm–2 at quencher concentration of 1.0 relative to initial concen-
tration of proton-anion pairs. The LER can be minimized by designing resist formulation and process
conditions so that the resists are developed at the minimum point. However, this LER is still eight times
higher than the value required in the future nanolithography. In contrast to the small LER observed in
non-CA resists [such as polymethyl methacrylate (PMMA) which is used for research purposes], the
large LER in the CA resists of EB/EUV can be ascribed to the acid formation process initiated by ion-
ization and the reactions between the acid generators and the low-energy electrons. The mechanism of
LER formation elucidated here reveals the origin of LER of latent image, which plays a crucial role in
meeting the strict LER requirements for the forthcoming EB/EUV lithography processes. 

Although quantitative assessment of LER of latent images was achieved, the actual lithography
requires the development process to visualize the pattern. It is of great importance to evaluate the lower
bound on LER in EB/EUV lithographies by the present simulation. The LER without development
shown in Fig. 6b was overestimated due to the lack of development process and activation energy for
deprotection reaction. Figure 6c shows the exposure dose dependence of minimum LER on develop-
ment time and the increase in line width. LER was reduced significantly with increasing exposure dose
and development time, while the slope of the decrease became milder at relatively low values: around
10 µC cm–2 and 60 s. The dependences are qualitatively similar to those found in the latent image [27].
An improvement in LER is generally observed at the initial increase of the process parameters, not only
for the acid diffusion length (PEB time), but also exposure dose and development time, suggesting that
a fine pattern could be achieved by minimal processing. From the fitting curves in Fig. 6c, it is predicted
that the LER of less than 1.2 nm required for next-generation lithography is possible by appropriate de-

A. SAEKI AND S. TAGAWA

© 2009 IUPAC, Pure and Applied Chemistry 81, 45–60

52

Fig. 6 (a) Correlation between line width (proportional to acid diffusion length) and LER. (b) Dependence of LER
of latent images on exposure dose for each relative quencher concentrations. (c) Dependence of minimum LER on
exposure dose for each development time. 



velopment time, high exposure dose Dexp and sufficient acid diffusion length Lacid, e.g., Dexp = 70 µC
cm–2 and Lacid = 15 nm. It is of great importance that such a small LER was found achievable even
though the initial average distance between proton and counter-anion is large (5.6 nm). This reduction
is mainly explained by the smoothing effect of acid diffusion, non-zero activation energy, and opti-
mization of the development process. It is expected that the LER is affected in a complex manner, i.e.,
homogeneity of PAG distribution and polymer characteristics such as configuration, polydispersity,
morphology, molecular weight, and interaction with air, vacuum, and substrate. If these factors are
taken into consideration, the LER presented here would increase, although its value and dependences
remain difficult to be predicted. A preliminary calculation using a 2-nm cubic mesh was carried out, re-
sulting in the increase of LER by a few to several tens of per cent. A randomness of the mesh alignment
would increase the LER as well. Significant material factors are expected to appear if the image con-
trast at the line edge is too low. The change of diffusion coefficient in the catalyzed and uncatalyzed re-
gions might influence the LER. It should, however, be noted that a small LER (<1.2 nm) is achievable
by process optimization (electron thermalization distance, PAG concentration, quencher concentration,
acid diffusion length, and development parameters) once the resist system can be regarded as an inde-
pendent 1-nm cubic mesh as assumed here.

DYNAMICS OF CHARGE CARRIERS BY TIME-RESOLVED MICROWAVE
CONDUCTIVITY (TRMC)

In modern society, microwave has been used in the wide area of industries such as radar, heating, ster-
ilization, and wireless communication. As for research fields, microwave has served as a probe for
microwave spectroscopy, e.g., electron spin resonance (ESR) and nuclear magnetic resonance (NMR),
and as a power source for a particle accelerator. Recently, microwave has attracted much attention be-
cause of its uniform and selective heating capability, promoting high-efficient and novel chemical re-
actions. While the recent interests of the application of microwave (wavelength is from 1 mm to 1 m)
are in the heating and relating fields as mentioned above, it is applicable to the measurements of chem-
ical reactions and electric properties of materials. 

The research presented here is based on the transient change of microwave absorption by charge
carriers and/or dipole moments generated by pulse laser or high-energy radiation (mainly an EB or
X-ray converted from the EB) [29] as illustrated in Fig. 7. Note that external magnetic field like ESR is
not imposed in this technique. The microwave absorption technique was initiated by Biondi et al. in
1959 [30] who measured an electron concentration in gas phase. And then, time-resolved experiments,
enhancement of S/N ratio, and extension of measurement dynamic range were realized by improvement
of microwave circuit and use of pulsed high-energy radiation. Fessenden et al. at the University of Notre
Dame have conducted investigations on dissociative electron attachment in gas phase [31]. Using this
microwave technique, Shimamori and Hatano reported electron thermalization process in gas phase and
reaction between electron and molecules [32]. The target materials were expanded to transient inter- or
intra-molecular dipole moment [33]. The separation of real and imaginary parts of the signals has been
discussed in a gas phase [34]. Many investigations regarding an energy loss process [35] and excited
states in liquid phase [36] have been performed. Warman et al. at the Delft University of Technology
have focused on the charge recombination in hydrocarbons and TiO2, and charge carrier mobility in
conjugated materials [37]. 

Organic semiconductors represented by amorphous/crystalline films of π- and σ-conjugated
polymers, thin films of low-molecular-weight conjugated materials, and supermolecules have attracted
much attention for electric devices with flexibility, high efficiency, and novel functionality in the forth-
coming ubiquitous information society. Much research and development has been performed from the
aspects of not only scientific interests but also the realization of such devices. 

As for the characteristics of the organic semiconductors, the mobility of charge carriers provides
valuable information in the development of high-performance devices. Generally, the mobility has been
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measured by direct-current (DC) technique, e.g., field-effect transistor (FET) and time-of-flight (TOF);
however, they are considerably dependent on the film morphology and sample purity like grain bound-
ary, chemical impurities, and structural defects, which are undesired factors hiding the intrinsic charge-
transport properties. The interface between the electrodes and the semiconductors causes the problems
such as barrier against charge injection and strong electric field, which disturbs the thermal motion of
charge carriers. Although the long-range transport property estimated by DC technique is important for
the actual electric devices, the intrinsic ability of charge transport cannot always be obtained by DC
technique. 

To perform direct observation of the drift mobility of charge carriers, free from the disturbance at
interfaces such as electrode contacts and domain boundaries, the TRMC technique based on microwave
absorption has been developed [37,38]. TRMC, in which the probe is an AC electromagnetic wave, of-
fers the following advantages over DC measurements. (1) As it does not necessitate the fabrication of
electrodes in contact with polymers, contact and surface interactions can be avoided. (2) The high fre-
quency (GHz) of microwaves extends the observable region of charge carrier mobility to a very short
regime (nanometer scale). Thus, the mobility obtained at end of pulse is not significantly affected by
the grain and/or domain boundary conditions. (3) The low magnitude of the electric field
(10–1–101 V/cm) makes it possible to observe intrinsic charge-transport phenomena in well-organized
and/or highly extended conjugated segments of polymers without perturbing the thermal drift of the
charge carriers. Because of these unique properties, the mobilities of polymer matrices obtained by
TRMC are typically orders of magnitude higher than those obtained by the DC technique, in which
charge migration is dominated by interchain transport and other undesirable factors. 

An in situ TRMC-TOS (transient optical spectroscopy) measurement system which can perform
flash photolysis-TRMC and TOS with the same experimental geometry was designed and set up [39].
The microwave circuit is intended to separate a real and an imaginary component of the signal. TRMC
only gives a conductivity that is a product of charge carrier mobility and its concentration. Therefore,
it is essential for the determination of mobility to estimate the carrier concentration by other techniques.
From the TOS (or transient absorption spectroscopy, TAS) experiments, we obtain optical density
which is a product of molar extinction coefficient, concentration, and optical path. The molar extinction
coefficient can be assessed by either pulse radiolysis, γ-ray radiolysis in low-temperature matrix, chem-
ical doping, flash photolysis, or estimation from molecular orbital calculations. As a consequence, the
combination of TRMC and TOS gives us a fully experimental estimation of intrinsic charge carrier mo-
bility in organic semiconductors. The obtained results provide not only the potential of the charge car-
rier mobility in the materials from the viewpoint of application use for organic semiconductor devices,
but also shed light on detailed pictures regarding mechanism of formation/decay of the carriers from the
transient conductivity signals ranging from nanosecond to millisecond.
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Fig. 7 Schematic of microwave absorption by charge carriers generated by pulsed photon or radiations. 



Using the TRMC and TOS techniques, the author and collaborators have investigated the charge
dynamics in various materials as shown in Fig. 8, such as liquid crystal [40], self-assembled nanotubes
[41], σ- [42] and π- [39,43] conjugated polymers (oligomer), DNA [44], organic crystals (or thin film
of conjugated molecules) [45], inorganic nanorod [46], and dendrimers [47]. The obtained 9 GHz-AC
mobilities of charge carriers are on the orders of 10–3–100 cm2 V–1s–1, which is, in most of the cases,
a few orders of magnitude higher than those estimated by DC technique, demonstrating the character-
istics of AC mobility and the potential feasibility for the use as efficient organic semiconducting mate-
rials. Decay kinetics were found to be sensitive to the film morphology, grain size of thin films, bi-
continuous ordering of liquid crystal, and π-stacking distance (e.g., side-chain length of conjugated
polymer). The photoconductivity amplitudes were also dependent significantly on the nanometer-scale
ordering such as amorphous vs. crystal, random stacking vs. ordered stacking, pristine polymer film vs.
film mixed with additive which disturbs the stacking, donor-type materials vs. acceptor-incorporated
donor materials, and random-chain vs. rod-like backbone of conjugated polymers. These differences are
sometimes hidden in DC measurements by unexpected factors like impurities and film/device condi-
tions. 

Another useful microwave technique is the ability to measure anisotropic conductivity with high-
angle resolution without electrodes, just by rotating a sample in a resonant cavity where the direction
of microwave electric field is fixed. Self-assembled nanotube showed 10 times higher conductivity
along the parallel direction of macroscopically aligned nanotube relative to the perpendicular direction
[41b]. For organic semiconducting crystals, anisotropies of 2.3 for rubrene [45a] and 12 for dehydro-
benzo[12]annulene [45b] were revealed along more tightly packed directions of the crystalline axis. 

The study on single-crystal rubrene [45a] is a good example demonstrating the advantage of the
combination of TRMC and TOS measurements. The photoabsorption observed in the wavelength re-
gion of 700–1000 nm was assigned to the overlap of radical anion and cation, which was assessed by
charge-transfer scheme of nanosecond pulse radiolysis in charge mediator-included solutions. The fast
decays of conductivity and photoabsorption transients obeyed second-order kinetics in which the in-
crease of excitation photon density gave the acceleration of these decays. The fluorescence and quan-
tum efficiency of charge carrier generation via excited state decreased with the incident photon density,
due to the singlet–singlet exciton annihilation. By comparing long time-scale kinetics of photoabsorp-
tion of radical anion and cation, the TRMC mobility estimated to be (5.2 ± 0.7) × 10–2 cm2/Vs was sep-
arated into ca. 70 % holes and 30 % electron components. This mobility is, however, expected to be the
minimum value for several reasons such as much smaller carrier density than those in FET devices, the
effect of surface traps, and underestimation of extinction coefficients of charged species in the crystal
phase. 
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Fig. 8 Semiconducting materials investigated by TRMC and TOS.



The mobility obtained by TRMC is usually higher than or almost equivalent to those assessed by
DC techniques; however, semiconductors which give high DC mobility such as single-crystal rubrene
resulted in much smaller TRMC mobility. Prins et al. [38i] has reported intramolecular charge carrier
mobility along ladder-type polymer chain as high as 600 cm2 V–1s–1 by analyzing pulse-radiolysis
TRMC results using Kubo formula. Not only exploring various kinds of materials and investigating
their charge carrier dynamics, but also providing deep insight into the relationship between AC and DC
mobility is a remaining challenge. 

CONCLUSIONS

Nanometer-scale dynamics of charges was investigated by means of ps pulse radiolysis and TRMC
techniques. The author clarified that the dynamics of chemical intermediates has significant impacts on
the formation of nano-scale roughness of patterned structures in CARs of postoptical lithography. From
the microwave experiments of conjugated materials, the intrinsic mobilities of charge carriers in organic
semiconductors were found to be orders of magnitude higher than those reported by conventional DC
technique, suggesting the feasibility of the realization of future high-efficient organic electric devices
which might overcome the conventional inorganic semiconductors from the viewpoints of cost, flexi-
bility, and their performance. 
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