T2R2 #RrgAsUs-—FURYA

Tokyo Tech Research Repository

Od/dodn
Article / Book Information

Title Modeling and visualization of carrier motion in organic films by optical
second harmonic generation and Maxwell-displacement current

Authors Mitsumasa lwamoto, Takaaki Manaka, Dai Taguchi

Citation Journal of Physics D: Applied Physics, 48, , 373001/1-20
Pub. date 2015, 1

Note guoduoobobbogoogoooon

This file is author (final) version.

Note This is an author-created, un-copyedited version of an article accepted
for publication/published in Journal of Physics D: Applied Physics. IOP
Publishing Ltd is not responsible for any errors or omissions in this
version of the manuscript or any version derived from it. The Version of
Record is available online at
http://dx.doi.org/10.1088/0022-3727/48/37/373001.

Powered by T2R2 (Tokyo Institute Research Repository)


http://t2r2.star.titech.ac.jp/

Outline Topical review: J. Phys. D  Applied Physics

Modeling and Visualization of Carrier Motion in Organic Films by Optical Second Harmonic
Generation and Maxwell-Displacement Current

Mitsumasa lwamoto, Takaaki Manaka, Dai Taguchi

Department of Physical Electronics, Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro-ku, Tokyo 152-8552, Japan
Email: iwamoto@pe.titech.ac.jp

ABSTRACT

Probing and modeling of carrier motions in materials as well as in electronic devices is a
fundamental research subject in science and electronics. According to the Maxwell
electromagnetic field theory, carriers are a source of electric field. Therefore, by probing
dielectric polarization caused by the electric field arising from moving carriers and dipoles, we
can find a way to visualize the carrier motions in materials and in devices. The techniques used
here are an electrical Maxwell-displacement current (MDC) measurement and a novel optical
method based on electric field induced optical second harmonic generation (EFISHG)
measurement. The MDC measurement probes changes of induced charge on electrodes, while
the EFISHG probes nonlinear polarization induced in organic active layers due to coupling of
electron clouds of molecules and electro-magnetic waves of incident laser beam in the presence
of dc field caused from electrons and holes. Both measurements allow us to probe dynamical
carrier motions in solids through detection of dielectric polarization phenomena originated from
dipolar motions and electron transport. In this Topical review, on the basis of the Maxwell’s
electro-magnetism theory in 1873, which stems from the Faraday’s idea, the concept for probing
electron and hole transport in solids by using the EFISHG is discussed in comparison with the
conventional time of flight (TOF) measurement. We then visualize carrier transit in organic
devices, i.e., organic field effect transistors, organic light emitting diodes, organic solar cells,
and others. We also show that visualizing EFISHG microscopic image is a novel way for
characterizing the anisotropic carrier transport in organic thin films. We also discuss the concept
of the detection of rotational dipolar motions in monolayers by means of the MDC measurement,
which is capable of probing the change of dielectric spontaneous polarization formed by dipoles
in organic monolayers. Finally we conclude that ideas and experiments on EFISHG and MDC
lead to a novel way for analyzing dynamical motions of electrons, holes, and dipoles in solids,
thus these are available in organic electronic device application.



1. Introduction
Probing and modeling of carrier transport in materials is a fundamental research subject in
electronics and materials science. According to the Maxwell electromagnetic field theory [1,2],
the total current flowing across solids is the sum of the conduction current and Maxwell
displacement current (MDC). The conduction current flows when electrons and holes are
conveyed under the external electric field formed by applied potentials on electrodes, and it
flows steadily. Accordingly, we measure current-voltage (1-V) characteristics to study the carrier
transport mechanism [3, 4]. In contrast, the MDC is generated when the electric flux density
originating from electrons, holes, and dipoles changes with time, and it is basically a transient
current and it flows whilst the electric flux density changes with time. Consequently, we can
study dynamical motions of electrons and holes, and orientational dipolar motions in solids by
probing the MDC [5,6]. In other words, on the basis of dielectric physics approach we can study
dynamical carrier motion in solids. Generally, we measure transient currents that are generated
by external stimuli, such as pulse voltage, light illumination, and heating. For example,
thermally stimulated current measurement (TSC) is employed for studying dipolar
depolarization in solids which are sandwiched between two electrodes, where a short circuit
current is measured during heating [7-9]. What we measure by the TSC measurement is the
change of the amount of induced charges on the electrodes due to disordering of aligned dipoles.
Thus the recorded short circuit MDC traces the dynamical dipolar motion. This TSC technique
is very simple, and we can use the concept of TSC measurement for studying dipolar motion in
thin films, including organic monolayers on the order of nano-meters in thickness [9,10].
Technically, it is very difficult to prepare MIM devices with monolayers sandwiched between
two electrodes. However, this technical problem does not matter, because we do not need to
contact the monolayers with electrodes for detecting polarization of monolayers by the MDC
measurement. Actually, to probe dynamical dipolar motion in monolayers on the water surface,
a suspended electrode connected to a short circuit is used to measure the MDC [10-12]. That is,
the change of the amount of charges induced on the suspended electrode above the monolayer is
measured during the course of monolayer compression. Noteworthy that the change of induced
charges on the suspended electrode will also appear due to the structural change of monolayer
films such as phase transition and photo-isomerization, etc. [13-15]. In this Topical review, we
will briefly discuss the principle of the MDC measurement and show the detection of Maxwell’s
current generated from organic monolayers.
In order to probe electron and hole transits across solids sandwiched between two
electrodes, time-of-flight (TOF) technique is utilized [3-5,9,16,17]. What we measure by using
this TOF technique is the change of amount of induced charge on the electrode connected to an



ammeter. Hence, the principle of the TOF measurement is basically the same as that of the
MDC measurement used for studying monolayers associated with dipolar motion. In the
conventional laser-TOF measurement [3,4,17], long-range carrier motion in solids is recorded as
a transient current, from which we determine the transit time of carriers and then calculate the
carrier mobility. This technique is very popular, and well used for the determination of the
carrier mobility. However, there is a drawback in the measurement. For example, the location of
carriers traveling across solid materials cannot be determined directly from the transient current
recorded. The conventional laser-TOF measurement forces an elaborate mathematical approach
on us for analyzing the traveling carriers, and this analysis leads to a puzzling situation in which
there are many possible mathematical solutions to reproduce observed transient currents. This
means that it is quite a task to trace actual carrier behavior in solids by the laser-TOF method.
Furthermore, it is difficult to distinguish the carrier species, i.e., electrons or holes, only from
the trace of transient currents in the e-TOF measurement [18-22], which is carried out by
applying step voltage instead of applying laser irradiation in the laser-TOF measurement. The
best way to overcome this problem is to develop a technique that can directly probe traveling
carriers themselves. Direct probing of the carrier motion itself is indeed helpful to discuss the
detailed carrier transport mechanism in devices as well as in solid materials. However, this is
impossible because electrons and holes are too small.

The Gauss law in the Maxwell’s electromagnetic field theory [1,2,23] suggests an insightful
idea for probing the carrier motion in materials. By probing the electric field associated with
moving electrons and holes, the carrier motion can be visualized if the polarization induced in
organic material surrounding the moving electrons and holes is probed. That is, we can probe
carrier motion by probing dielectric polarization induced by the electric field arising from
moving carriers. Time-resolved microscopic optical second harmonic generation (TRM-SHG) is
a technique that enables us to probe the propagation of the dielectric polarization induced by
electrons and holes which are moving across the organic materials, where nonlinear polarization
induced in solids by coupling with incident electromagnetic waves e.g., laser beam, and dc
electric field generated from moving carriers is probed in real time [24,25]. Furthermore, using
a charge-coupled device (CCD) imaging system directly visualizes their motion. In this Topical
review, we will discuss the technique to probe carrier motion in solids by using electric field
induced optical second harmonic generation (EFISHG), and show our findings obtained by the
EFISHG observation, e.g., carrier motions in organic field effect transistors (OFETSs) [26,27],
carrier behaviors in organic light emitting diodes (OLEDs) [28,29], Organic memory devices
using ferroelectric layers [30,31], and Organic solar cells [32,33]. Noteworthy that, the idea of
using EFISHG for the observation of carrier transport is based on the dielectric physics where
polarization is a dominant parameter [34-36], and the EFISHG measurement for probing carrier



motions has been originally developed by the authors’ group [36-40].

Finally we will stress that ideas and experiments based on the dielectric physics approach
find a way for modeling and visualizing carrier motions in organic films and devices [37]. As
we described above, probing carrier motions in solids is a fundamental research subject for
electronics and material science. In this topical review, we show how dynamical carrier motions
are allowed to be probed through detection of dielectric polarization phenomena originating
from dipolar motions and electron transport, on the basis of MDC and EFISHG methods. These
are electrical and optical methods, respectively, and basically different each other. However the
concept of these two methods is the same in physics in that they are probing dynamical carrier
motions through dielectric polarization phenomena. This is the most key reason why we here
discuss the MDC and EFISHG measurements.

2. MDC, TOF and EFISHG methods

In this section, we make it clear the way for probing dynamical carrier motions by means of
Time-resolved microscopic optical second harmonic generation (TRM-SHG), and also the way
for probing dipolar motions by the MDC-measurement. We briefly discuss the time-of-flight
(TOF) method for understanding the relationship between MDC and EFISHG measurements in
section 2.2.

2.1 MDC measurement for probing dipolar motion

As mentioned in Sec. 1, in order to find a way to directly probe dynamical carrier motion
in solids, it is very instructive to focus on the dielectric polarization. The dielectric polarization
is given as sum of the spontaneous polarization, linear polarization, and nonlinear polarization
[10,23,41]. Among them spontaneous polarization is generated when permanent dipoles align in
the same direction, as illustrated in Fig. 1(a). For example, constituent rod-like polar molecules
of Langmuir monolayers align on a water surface, pointing their long-axis direction towards air
due to the symmetry breaking, and spontaneous polarization is thus generated in the monolayer
[42-45]. According to the Gauss law, the electric flux density is arising from the constituent
polar molecules with permanent dipoles. As a result, when we place a suspended electrode
above the monolayers on a water surface, charges are induced on the electrode as shown in Fig.
1(b). The amount of induced charge is dependent on the orientational order of constituent
rod-like polar molecules, and it can be described as [10-14,46]
CNws,

L

Here N is the number of molecules under the suspended electrode, , is dipole moment, and

Q,= —~Cg¢,, with S, =<c0s6>. (1)




L is the spacing between the suspended electrode and the water surface, and S, is the
orientational order parameter which represents the average of tilt angle ¢ of constituent polar

molecules [10]. ¢s is the surface potential of water subphase. C is the capacitance between the

water surface and the suspended electrode. The MDC flows when charge Q, changes with

time. Consequently, MDC is given in a manner as

d B(d d
o)) X

where B is the electrode area of the suspended electrode, and PZ is the polarization of monolayer
and given by F’Z = I’l,uSl with the surface density of molecules N = N/B. Presumably, the change
of surface potential pressure ¢s is negligibly small by external stimuli, such as photoirradiation and
monolayer compression. We therefore can pay more attention to the change of PZ =n,uS1 by

external stimuli. P, changes with n, ,and S . For example, n and S change due to
condensation and orientational ordering, respectively, in accordance with the occupied area per
molecule, A (n:1/A) by monolayer compression. , changes due to phase transition of
monolayer by compression. Further, for particular functional molecules, change of , will be
induced due to photo-isomerization etc. As mentioned above, PZ changes by external stimuli, but
basically the change is related to the dynamical motion of dipoles such as rotational motion.

Figure 2 shows the MDCs generated from 4’-n-octyl-4-cyano-biphenyl (8CB) monolayers by
monolayer compression, where the MDC is generated in accordance with the change of surface
pressure by monolayer compression [14, 46-49]. Interestingly, the generation of MDC is very

sensitive, because the MDC is transient current and it is generated only when the electric flux
density between the suspended electrode and the monolayer changes with time. Actually, the



MDC is detectable even in the region of molecular area where the surface pressure is
immeasurably very low (see region 1 in Fig. 2 where MDC is generated before initial rise of
surface pressure during monolayer compression process). The details are as follows: the MDC
current is described as

: d
|:—E(ipzja:—ag(—#szl+£isl+iiﬂj with ¢ =—A , (3)
dA L A AdA A dA dt

assuming that change of ¢s is negligibly small during monolayer compression. In the MDC

measurement, the experiments are carried out by monolayer compression with a constant
compression speed « . From eq. (3), it is clear that MDC gradually changes in region 1 of Fig.
2(b), in accordance with the condensation of molecules and gradual change of orientational

order S1 =< C0SH > by compression (1st and 2nd terms, respectively). On the other hand, the

abrupt change of MDCs appears in regions 2 and 3 due to the change of polarization caused by
phase transition (3rd term). Using eq. (3), we can determine the vertical component of

permanent dipole moment of 8CB molecules, S, , as shown in Fig. 2(a).

Similarly, we can sensitively probe the change of molecular forms such as cis-trans
photo-isomerization induced in azo-benzene monolayers by alternating photo-irradiation of
ultra-violet and visible light [10,13, 50, 51]. The trans- and cis-form isomers have a permanent
dipole u, and p, (# u, ), respectively. Accordingly, MDC is generated during the
photo-isomerization process. The detection of photo-switching due to cis-trans
photo-isomerization in monolayers on solids as MDC signals will be available as a basic
principle of organic memory elements as shown in Fig. 3, where alternating ultra-violet (UV)
and visible (Vis) light irradiation results in the generation of alternating MDC, whereas
successive irradiation never generates MDC [13,51-53].

It is instructive here to note that surface potential method based on the Kelvin-probe method
has been widely used for the study of monolayers at the air-water surface [54-56]. What we
record by using this method is a compensation voltage V. that is needed to make a zero-electric
field between monolayer and the suspended electrode. That is, a compensation voltage V. is

applied to be Q1 =0 in the surface potential measurement. By adding the contribution of V.

to Eq. (1), we obtain the following equation:



Q1=_N+81_C¢S+CVC =O,

thatis V, ~ + = + ¢ . (4).
0

Here ¢, is the dielectric constant of the air gap between the suspended electrode and
monolayer, that is, nearly equals to the dielectric constant of vacuum. Eq. (4) tells us that the
conventional surface potential measurement probes polarization PZ in accordance with the
change of surface pressure by monolayer compression. In comparing eq. (4) with eq. (3), it is
clear that the MDC measurement is very sensitive to the change of polarization P, with

molecular area A, while the surface potential measurement is not so sensitive. Actually it is very
difficult to probe the change of polarization in the region before the initial rise of surface
pressure by means of surface potential measurement. On the other hand, we can clearly see the
generation of MDC current in this region, as shown in Fig. 2. Therefore, MDC measurement has
an advantage in probing dynamical dipolar motions in monolayers.

2.2. TOF measurement for probing electron and hole transport

As mentioned in Sec. 1, in order to probe electron and hole transits across solids,
time-of-flight measurement (TOF) is widely used [3-5,9]. To make it clear the difference of the
TRM-EFISHG measurement with the TOF, we briefly discuss the basic concept of TOF. Figure
4(a) illustrates the situation of the TOF measurement, where charge +( is placed between
two electrodes 1 and 2, separated by organic layer with a thickness of d and connected to each
other through an ammeter [5, 9]. Here this charge +{ is displaced from electrode 1, and it is
located at a distance x from electrode 1. Owing to the neutrality of charge of this electrode
arrangement system, the electric flux density arising from the charge +{ converges on
electrodes 1 and 2 as follows:

d—x

G=—""0 4=-29q (5)

The amount of induced charge 0, and 0, depends on the position x of the charge +(. If

the charge +( moves at a constant velocity u(=dx/dt) in the direction from electrode 1



to electrode 2, the amount of charge (; and (, changes at a constant rate with time.

Consequently, constant current | =qu/d flows through the closed circuit whilst the charge

+({ is being transported from the electrode 1 to electrode 2, as illustrated in Fig. 4(b). The

transit time {, is given by f, =d /u, thus the total charge flowing through the circuit is

| xt. =Q. The current I flowing through the circuit is generated due to the change of electric

flux density between electrode 1 (or 2) and charge +(, and this is nothing but the MDC
current. Noteworthy, we here assumed that the charge +0 moves at a constant speed, thus it is
possible to determine the position of charge from the trace of the 1 —t curve. However, if the
charge +( does not move at a constant speed, it is not easy to determine the position of the
charge +{, by using the 1 —t curve.

In the conventional laser-TOF measurement, we give a dc voltage U on electrode 2 with
respect to the grounded electrode 1 to form a constant electric field E=U/d between the two

electrodes during the measurement [5,17]. At 1= 0, laser irradiation is employed to generate
electron-hole pairs, only inside of the organic layer near the electrode 1. Consequently, only

electrons can move from electrode 1 to electrode 2 at a velocity of U=t E for U>0,
whereas only holes can move from electrode 1 to electrode 2 at a constant velocity of U= z4 E
for U<0. Here, M. and L, are electron mobility and hole mobility, respectively.
Presumably we define the transit time by the relations t, =d/u=d*/xU (U>0) or

t, =d2/,uhU (U <0), and we measure the carrier mobility of holes and electrons by

changing the polarity of the applied voltage u . This is the basic principle of the TOF
measurement, and many experiments have been carried out for the determination of carrier
mobility of polymers, insulators, organic semiconductors [5,18], etc., since the pioneering work
of the carrier mobility measurement on anthracene crystals by Kepler [20]. In actual experiment,
however, there are many problems. For example it is very difficult to irradiate laser beam only
around the electrode 1, in particular, in the case of very thin films. Also space charge field
caused by generated carriers distort the electric field distribution in the system and the carrier
transport will be thus governed by this electric field. Furthermore, there is an upper limit on the
transit time that can be measured in the TOF measurement, namely the ohmic relaxation time of



the film under test. That is, we cannot observe carrier transits in the region t, > t,; by using
TOF, if carriers decay with the ohmic relaxation time tg;.

In the e-TOF measurement, the basic principle is the same as that used for the detection of
MDCs. Instead of laser irradiation to generate electrons and holes, we apply a step voltage u to
the two-electrode system to inject carriers from electrodes which transport between the two
electrodes 1 and 2. As we probe the change of induced charges on electrodes along with the
transport of injected carriers, this idea is easily extended to a three-electrode case such as
field-effect transistors [20-22, 19], asymmetric needle-plane electrode system [57] and others,
though the amount of induced charge on electrodes changes in a very complex manner,
depending on the location of charges. Figure 5 shows an example of e-TOF measurement that is
carried out for the determination of hole mobility in pentacene by using pentacene field effect
transistors [20]. As we can see in the figure, the transient current abruptly flows at around the
time when holes arrive at the counter electrode by crossing the channel. As shown in Fig.5,
e-TOF measurement is helpful for the determination of carrier mobility of the materials, but it
has a fundamental problem for the usage. We cannot determine the polarity of carriers merely
from the trace of I-t curves, because positive and negative charges move along the electric
field in the opposite directions each other. That is, the current is recorded as MDCs using an
ammeter, but the MDC current is proportional to +qx(+u) = —qx(-u) and we cannot
distinguish the polarity of charge carriers. Therefore, we need to determine the carrier polarity
using other methods, before we carry out the e-TOF measurement. As mentioned above, TOF
measurement is helpful for the determination of carrier mobility, but this is under many physical
boundary conditions.

2.3 TRM-EFISHG for visualization of electron and hole transport

The basic concept of TRM-EFISHG is different from the TOF measurement, and this
technique basically allows us to distinguish electron and hole transports. To understand the
EFISHG, we again go back to the Faraday’s idea [2,23] formulated as the Gauss law. According
to this law, electric field is arising from charges. We therefore postulate solids surrounding
electrons and holes can be polarized. Actually, in the presence of non-zero dc electric field
E(0) by electrons and holes injected into organic solids, nonlinear polarization P is freshly
induced when laser light is irradiated on solids, owing to the interaction between
electromagnetic fields of the laser light and electrons in the organic materials. Figure 6
illustrates the basic principle of the EFISHG measurement [35,36]. Non-zero dc electric field
E(0) serves to distort electron cloud of molecules. As a result, this kind of nonlinear
polarization P is induced even in centrosymmetric molecular systems, such as pentacene,
phthalocyanine, C60 and others [41, 58-61]. Induced nonlinear polarization P is given as



Pw) = x (2w;0,®, w)E(0)E,; (w)E () , (6)
where ¥ (2@;0,®, ) represents the nonlinear optical susceptibility, @ stands for the

angular wave frequency of incident electromagnetic wave, E;(@)and E;(®) represent the

electric fields of laser, and E(0)is the static electric field arising from moving-carriers, which
satisfies the relation [1,2,23]

V.-E@Q)=-*-—, 7

gsgo
where , is the charge density of moving carriers, and ¢, and &, are relative permittivity of

the organic materials and the absolute permittivity of free space, respectively. The induced
polarization P(2w) is a source of second harmonic signal, and results in the enhancement of SH
signal 1(2w) in proportion to the square of P(2®) , in a manner as

120) < |P20)] =|7(20,0,0,0)E(O)E,(@)E, (o) (®)

Here |(2w)describes the SH intensity. From Eqgs. (7) and (8), it is clear that the distribution of
SH intensity in solids changes in accordance with the electric field distribution, i.e., non-linear
polarization distribution. Consequently, by using a time-resolved EFISHG technique, we can
directly observe carrier transport in solids by monitoring the propagation of polarization
P(2w) induced in the solids along with carrier motion [24,36]. Noteworthy that in the EFISHG
measurement laser irradiation is used to generate nonlinear polarization, and it can be postulated
that no photo carriers are generated. This is because the basic second harmonic generation
process is a two-photon process, and the EFISHG process is similar to this two-photon process
[59]. Consequently, we can measure carrier transport in solids and others in a non-destructive
way. This is the characteristics of the EFISHG measurement, which differs from the laser-TOF

measurement.

By the way, in electronic devices as well as in solids sandwiched between electrodes, there
are many sources of dc electric fields. Among them are applying external voltage, moving
carriers, trapped charges, work function difference and so forth. Consequently, the E(0)in

Eq.(8) is given by sum of the electric fields from many sources as [4,5]



E(0)=E.(0+E,(0+E(0)+- . 9)

Eq. (7) with Eq. (8) suggests that we can probe electric fields E,,(0),E,(0), E(0) and

others by using the EFISHG [29,62-68]. Time-resolved EFISHG method is particularly helpful
for probing carrier motion in solids, as described in section 3. It is noteworthy that

79 (2w;0,0,0) is a material dependent parameter, and it specifies the feature of materials.

As a result, the SHG is activated at a specific wave length A,,, = 2nc/w (c, speed of light) of
the materials, and this fact allows us to selectively probe SHG generated from one of the layer
of multi-layers by choosing laser wavelength appropriately [62,69-71]. The magnitude of

79 (2w;0,0,0) is very important in the EFISHG measurement. For example, the values of

pentacene and C60 are in the order of 1022 m?/V2 (101 esu) at laser wavelength of A=1120 nm
and 101 m?/V2 (101° esu) at A=1000 nm [72], respectively, and EFISHG signals generated by
laser light irradiation from Q-switched YAG laser with energy of 1mJ/pulse are probed as will
be shown in Section 5. Note that these y(®) values are large due to the resonant coupling
between the laser beam and electrons in molecules [73].

It should be noted that there are many reports on SHGs since the pioneering works by
Bloembergen [74] and Shen [59]. Those works are focusing on molecular structure and
chemicals from viewpoints of spectroscopy for characterizing material’s structure. As a result,
analysis of the SHG signal from non-symmetric chemical structures is the main topics. The
SHG measurement employed in these works is different from the EFISHG measurement which
we use here. Spectroscopic SHG experiments are carried out on focusing the SHG signal
generated from materials in a form below,

120) <[P 20 =] 2010,0)E (W)E (@ | (10)

where a main key parameter is material dependent 7' (2@;®, ®) parameter that depends on

the arrangement of molecules and nonlinear susceptibility of molecules, but this is independent
of the presence of dc field, E(0). This situation is very helpful to characterize material

structures, e.g., )((2) (20; @, ) = 0 for symmetric molecular systems, such as pentacene and



C60. By choosing different light source with wavelengths @, and @, appropriately, sum

frequency generation method is being carried out to precisely characterize material structures,
dynamical change of orientational order of polar molecules, the interaction between molecules
and surrounding solutions, and others (see text book [25,59] and review papers [75-77]).
However, this situation is quite different from the Electric-field induced optical second
harmonic generation (EFISHG) described by using Eq.(8), where dc field E(0) makes a

significant contribution by coupling with ;((3)(2(0; 0,®,®) . In other words, EFISHG is not

activated if E(0)=0. Probing E(0) in Eqg. (8) by means of EFISHG is indeed helpful for
analyzing carrier behaviors and related electronic phenomena in organic devices. That is, we
need to focus on the EFISHG process given by Eq. (8) to probe carrier motions and related
electronic phenomena in electronic organic devices. As all of electric phenomena have some
relation with carrier behaviors and thus EFISHG provides a way for analyzing carrier behaviors
in devices, e.g., organic field effect transistors, organic solar cells, organic light emitting diodes,
organic memory devices, etc., and also for analyzing electric field distribution in organic
materials, etc. In the following sections, we discuss the Experimental systems and Examples of
EFISHG measurements.

3. Experimental system of EFISHG measurement

Figure 7(a) shows the basic arrangement of the experimental system used for the measurement
of carrier transport, where laser beam is vertically incident onto the sample through the
objective lens, and emerged SHG images from the samples are captured with time by using a
CCD camera [24,36]. The light source is an optical parametric oscillator, pumped by a
third-harmonic light of Q-switched Nd:YAG laser (Continuum: Surelitell-10). To observe the
carrier transport, we need to construct electrode arrangement appropriately. The most typical
one is a planar type-OFET structure, where Source and Drain electrodes are placed to be parallel
on the organic semiconductor layer, and the Gate electrode is placed on the substrate, as
illustrated in the figure. Upon application of a step voltage, carriers are injected from Source or
Drain electrode into the organic semiconductor layer, and they are then transported along the
channel, i.e., between the two electrodes. Noteworthy that injection is dependent on the
semiconductor materials and the electrode materials, but we can distinguish carrier species, i.e.,
electrons or holes, by SHG images [78-80]. Temporal resolution of the measurement system is
limited by pulse width of laser and the rise time of voltage pulse. Thus, use of short pulse laser
such as femto-second or pico-second laser is effective to reduce the pulse width of laser. On the
other hand, there is further advantage of using short pulse lasers from the view point of the



nonlinear optical measurement. During the SHG measurement, we have to take care about the
laser power to avoid damage of the sample. Sample damage is directly influenced by the pulse
energy of laser, not instant optical power, whereas, SHG intensity is proportional to the instant
optical power. Thus, use of short pulse laser is effective to observe the SHG signal without
sample damage.

EFISHG is activated from the organic semiconductor layer by choosing a fundamental laser
wavelength appropriately. For example, it was chosen at 1120 nm for studying
pentacene-organic field effect transistors (OFETSs) [81-84]. SH light generated from the
semiconductor layer was filtered by a fundamental-cut filter and an interference filter to remove
fundamental and other unnecessary light. Figure 7(b) illustrates an example of timing chart of
the laser pulse and a step voltage applied to the OFET, which is used for the time-resolved
EFISHG measurement. The parameter z stands for the delay time, and by choosing the delay
time = we can visualize carrier motions at time t =z after applying the step voltage at ¢t=0.
That is, using the visualized images, the change of electric field distribution along the OFET
channel, corresponding to the carrier transport, is probed with time. That means from the
visualized carrier motion we can distinguish injected carriers, i.e., electrons or holes.

At t = 0, upon application of a step voltage, carrier injection starts but still with no carrier
injection into the semiconductor layer, while at t =z injected carriers distribute along the
channel of OFETs [85-88]. That is, we can directly visualize electric field distribution formed in
the OFET by only external voltages by choosing z =0, whereas we can map injected carrier
distribution with time by choosing7 #0 .

Noteworthy that EFISHG experiment is employed in the same way for sandwiched-type
devices with two electrodes, by using laser beam that obliquely incident onto the devices
[28,89-92]. Further we have recently developed a novel method that can detect electric field
along the direction of incident laser beam by introducing a radial polarized beam into the
EFISHG measurement system, and this system also makes us easy to study carrier transport in
sandwiched-type devices [93,94].

One may concern about the generation of photo-carriers by irradiation of laser pulses that
possibly affects the electrical properties of material. As mentioned, it can be neglected because
the wavelength of fundamental light is far from the absorption peak. However, to satisfy the
resonant condition a photon energy of SH light should be close to the optical gap. Then, we still
need to take into account the photo-carrier generation by the two-photon absorption. Here we
discuss the effect of two-photon absorption in Ce as an example. Two-photon absorption
coefficient # of Cgo was reported as 40 cm/GW at a wavelength of 1064 nm [95]. Assuming a
typical Q-switched YAG laser with energy of 1mJ/pulse and a spot size of 1mm, a peak power



of the pulse is roughly estimated as 0.02 GW/cm?. These parameters are substituted into Al =
Io(1 — e~Ph) to evaluate the loss of optical power due to the two-photon absorption after
passing through the Cgo film with a thickness d of 100 nm. Then, we obtain Al = 8 x 107°.
Accordingly, we neglect the effect of photo-carrier generation in the EFISHG measurement.

4. EFISHG images and Modeling
4.1 Carrier distribution and carrier motion

As described in section 2.2, we can measure electric field distribution in organic devices,
carrier motion in organic devices, and others by probing non-linear polarization that results in
EFISHG images. Firstly we discuss some examples and then discuss how carrier behaviors are
modelled on the basis of experimental results.

a. Stationary-state

Since the discovery of conducting organic materials, organic devices have attracted much
attention in electronics. Among them are organic light emitting diodes, organic field effect
transistors, organic memory devices and so forth. In these electronic devices, organic
semiconductors are used as active layers to realize their own device function, on the basis of
general semiconductor device physics [96]. However, the carrier injection and transport
mechanisms in actual organic devices are not so simple, owing to the dielectric nature of active
organic layers. Basically, intrinsic carrier density is quite low in active organic layers. As a
result, carrier injection process makes a dominant contribution. We can see such examples in
organic field effect transistors and organic light emitting diodes, whose device performance are
governed by the carrier injection process. This situation is very similar to the carrier transport in
dielectric materials. Accordingly, it is a very effective way to directly measure electric field
distribution changes in active layers in these organic devices for analyzing and modeling carrier
behaviors. This is a dielectric physics approach that is helpful for analyzing carrier injection and
transport of dielectric materials [4,5,9]. As already described in section 2, EFISHG
measurement is capable of detecting electric field formed in organic devices due to static
electric field by external applied dc voltage and time-varying electrostatic field by injected
carriers. Keeping in mind this idea, electric field distribution formed along the channel of
pentacene-OFETs has been measured. The electric field distribution formed in the
pentacene-OFETs before and after hole injection into the channel has been well probed [81,97],
and the electric field distribution before hole injection is shown in good agreement with the
distribution analyzed using the rigorous solution of the Laplace field of the electrode system of
OFETs [98,99]. Further the electric field distribution originated from injected carriers has been
determined from the EFISHG measurements, and it has been shown that the charge distribution



along the OFET channel is basically determined based on a Maxwell-Wagner model that
accounts for carrier accumulation at the interface between the gate-insulator/active organic layer
interface [100,101].

Figure 8 shows a typical example of the EFISHG measurement that carried out for
top-contact pentacene OFETs with Au Source and Drain electrodes [98]. Under the condition of
no carrier injection of the OFETs, EFISHG is shown to be activated to satisfy the rigorous
solution of the Laplace equation of a three-electrode system of the OFETSs [98,99], as shown in
Fig.8(a). On the other hand, under the condition of hole-injection, the intensity of EFISHG
decreases due to the space charge field formed along the channel by injected holes, as shown in
Fig.8(b) [97,99]. Using Egs. (8) and (9), the carrier distribution along the channel is determined
using the EFISHG measurement, as plotted in Fig.8(b). These results show that carrier
accumulation along the channel is governed by the Maxwell-Wagner effect, and the distribution
is basically determined based on a Maxwell-Wagner model [84,102,103]. Our further EFISHG
study shows that the carrier distribution along the channel in steady-state that follows a solution
of classical differential equation of current that describes continuity of carrier transport along
the channel, which is modeled based on a transmission line model, as an extension of
Maxwell-Wagner model [100,104]. Analytical results shows that the potential distribution along
the channel is not linear, but it changes on satisfying the square root dependence along the
channel, in a manner as [100,104]

V(x)=V, ,1—% with V(0)=V, andv(L) =0, (11)

where X=0 and x=L represents the edge of the source and the drain electrodes,
respectively. Accordingly, the electric field distribution is given as

VO

2JL(L-x) °

E(x)= (12)

EFISHG well probes this electric field distribution, and generates the signals that follow Eq.(8)
with Eq. (12), where E(0) of Eq.(8) is replaced by the E(x) of Eq.(12).

As has been described above, it is clear that EFISHG is available for probing steady-state
carrier distribution along the channel of OFETs. By the way, some organic materials show
ambipolar behavior, which means that electrons and holes are allowed to enter into materials



from electrodes. In the field of electrical insulation engineering, this carrier behavior is called as
double-injection [4]. Consequently probing electron and hole injection, and their distribution in
organic devices is also important. For example, for organic light emitting device application,
double carrier injection, i.e., electron and hole injection, is a key for device operation. Using
ambipolar organic light emitting transistors (OLETs) with an active layer of the
green-light-emitting polymer of poly9,9-di-n-octylfluorene-alt-benzothiadiazole (F8BT), which
has a photo luminescent peak at the wavelength of 560 nm, the EFISHG measurement has been
employed using a laser beam with a wavelength of 840 nm [79,101]. Of course, for the EFISHG
experiment, we need to remove the influence of photoluminescence, by using a band pass filter
so that we can probe the EFISHG that is generated at a wavelength of 420 nm only. The
EFISHG experiments showed that there is actually a zero-potential position in the channel,
which corresponds to the meeting point of electrons and holes for the electroluminescence
[101].

b. transient carrier behavior

As mentioned in section 2, it is possible to probe carrier motion by means of the TRM-SHG.
Using the electrode system illustrated in Fig.7, i.e., top-contact pentacene FETs with Au source
and drain electrodes, TRM-SHG measurement has been carried out using OFETs with a channel
length of 40, m. Here the pentacene was deposited at room temperature, i.e., around 20 °C.
Figure 9(a) shows the TRM-SHG image in the channel region of pentacene FET with 500
nm-thick SiO, gate insulator, where the SHG image was obtained along with carrier motions
after a step positive voltage was applied. That is, positive voltage Vouise=70 V was applied to the
source electrode with respect to the gate and drain electrodes that were electrically shorted and
grounded, i.e., Vas= Vg = —70 V. At 7 =0 ns, the laser pulse coincides with the rising edge of
the voltage pulse, and SHG signals are found near the edge of Source electrode, indicating the
Laplace electric field Eo, parallel to the channel, is formed only around the Source electrode.
Interestingly, as is clearly shown in the image, the emission band of the SHG signal gradually
moves in the channel from the Source to Drain electrode. The visualized emission band motion
which starts from the source electrode evidently indicates hole-injection from the Au-Source
electrode. That is, pentacene FET shows a p-type semiconductor behavior, where majority
carriers are holes injected from the source electrode and the carrier mobility is 0.1-0.2 cm? V1
s *. Note that the SHG image appears only in the region within a radius of around 150 ;, m,
owing to the spot-size of laser (see the region indicated by a circle in Fig. 9(a)). To further
clarify the hole-transport mechanism across the channel, we plotted the SHG peak position with
respect to the elapsed time, as shown in Fig. 9(b) [37,82,105]. From Figs. 9(a) and 9(b), it is
clear that holes travel in the direction from the Source Au electrode to the Drain electrode, on



satisfying the square root time dependence [105,106]. This time dependence reflects the
interface charge propagation process (see Fig. 9(b) and Ref. [100,107]), and well supports a
Maxwell-Wagner effect model that is employed for analyzing transient carrier behaviors along
the OFET channel. This is also well supported by a transmission line model that is basically
based on the extension of the Maxwell-Wagner model. In physics, carriers propagate along the
interface between gate insulator and active layer, and this situation is roughly described as that

interface accumulated charge Q, =C_(V, —V,, —\%) spreads with a velocity of v = uV /L,
and thus illustrated by using a RC ladder circuit [100]. Here C_is gate capacitor and Vth is

threshold voltage. VgS is the applied gate-source voltage and V,, is the applied drain-source
voltage and V (= Vgs — Ven — Vas/2) is the average voltage for carrier drift in the FET channel

region. In more detail, the transit time t.(=L/V) is approximately given by [100]

LZ
t, = v (13)
:u(\/gs _Vth - ?)

Here [ is carrier mobility, and L is channel length. Eq. (13) suggests that the carrier migrates
into the channel region on satisfying the square root time dependence. Computer simulation
based on a classical drift-diffusion equation supports this prediction [106,108,109].

On the other hand, under the application of negative step voltage, the position of the SHG
peak does not move, and the SHG signals are only concentrated around the edge of source
electrode during the measurement. Results suggest that electron injection is minor and this
process is negligible [26,110].

By the way, carrier injection is governed by the electrode materials and semiconductors.
Accordingly the film preparation condition is very important, and we can prepare pentacene
layers that exhibit ambipolar behavior by controlling the substrate temperature during the
deposition of pentacene layers. Figure 10 (a) shows the I,V characteristics of pentacene
FET with 500 nm-thick SiO, gate insulator, where the pentacene film was deposited at a
substrate temperature of 70 °C and the channel length is 50 ;,,m . An ambipolar behavior is seen
in the Igqs-V,s characteristics. That is, both electrons and holes are serving as carriers,
depending on the applied V. By employing the TRM-SHG experiment, we get the relationship
between the position of carrier front with elapsed time by applying step voltage V. Results
show that the hole mobility is much higher than the electron mobility, i.e., about 100 times



higher, as portrayed in Fig.10(b) and 10(c) [111]. With consideration of these results, we can
visualize the double carrier injection process that leads to recombination between electrons and
holes injected from source and drain electrodes. Figure 11 shows the TRM-EFISHG experiment,
where a negative step voltage of V= -100 V was applied on the Drain electrode with respect to
the gate, and on the Source electrode was applied a positive step voltage of Vs; = +100 V at the
same time. As visualized in the images of Fig. 11, double carrier injection followed by the
electron-hole recombination is clearly demonstrated. At the time corresponding to the carrier
recombination, a bright band is seen due to the formation of high electric field between
electrons and holes injected into the channel from the Drain and Source electrodes, respectively.

As shown in Fig.11, the TRM-EFISHG measurements allow us to visualize double carrier
transport process, i.e., double carrier injection and recombination. Consequently, this technique
is available for studying electro-light emitting process that starts from double carrier injection
leading to carrier recombination, and also for visualizing the process that leads to pre-electrical
breakdown in devices.

Further we should note that carrier propagation is dependent on the interfacial film condition
of the channel, e.g., carrier traps, morphology, etc. Eq.(8) with Eq.(9) suggests that TRM-SHG
is available for monitoring the contribution of the surface states of the channel. To confirm the
potentiality of the TRM-SHG measurements, similar experiments were carried out for
pentacene-FETs with 100 nm thick poly-methylmethacrylate (PMMA) layer on the surface of
gate SiO, insulator [112,113]. The SHG intensity is concentrated in the front region of the
propagating SHG profile [112]. Results indicate that space-charge field distribution is being
formed along the channel due to trapping of holes. Analysis based on a carrier trap model well
accounts for the TRM-SHG experiments. That is, TRM-SHG is effective to probe interface
states of the channel region.

It is also noteworthy that the activation of EFISHG is material dependent, due to the

material dependent parameter 7 (2,0, @) with angular frequency o in Eq. (8).

Consequently, probing carrier motion in one of layers in multi-layer systems is possible.
Actually, we have already demonstrated the detection of such carrier motions in OFETs with an
active layer of double-layer system, e.g., OFETs with a C60/pentacene active layer, etc
[71,114,115], where the hole carrier transport in pentacene layer and electron carrier transport in
C60 were selectively probed by choosing appropriate wavelengths of incident laser, which
activate pentacene at 1120 nm and C60 at 1000 nm, respectively. That is, we can directly probe
carrier motions in one of multilayers by choosing appropriate incident laser wavelength. The
EFISHG measurement for pentacene/C60 OFETs showed that in C60 layer electrons are
actually transport, etc.



c. Anisotropic carrier behavior

Carrier transport is strongly dependent on the film preparation condition, crystallinity of
deposited films, and so forth. There are many film preparation methods, such as dipping-method,
spin-coating method, evaporation method, and others. Accordingly anisotropic property is
induced in deposited films, and the organic film shows the anisotropic carrier transport property;
carrier transport along the long-molecular axis direction is different from the transport
perpendicular to the long-molecular axis direction. To evaluate anisotropic carrier behavior is
very important for the device technology, and also for understanding of carrier transport
mechanism. By using the TRM-EFISHG measurement, we can visualize the anisotropic carrier
transport behavior in organic thin films by using a round shape electrode system [116]. Figure
12 (@) shows the visualized SHG images by holes into
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene]) (F8T2)-films from the edge of the round
shape Au electrode. Here the F8T2 films were prepared using the floating film transfer method
(FTM). As we can see in the set of figures (see Fig.12 (a-1), (a-2) and (a-3)), the spreading
speed of holes from the edge of the round shape electrode is totally directional dependent on the
film. As we can see in the distorted SHG image of injected holes around the Au edge of
electrode, the carrier spreading is seen along the FTM direction, i.e., parallel to molecular
long-axis direction of F8T2. On the other hand, the visualized carrier behavior of holes in
pentacene films deposited by thermal evaporation is isotropic, as shown in Fig.12 (b-1), (b-2),
(b-3). In this way, we can evaluate the anisotropic carrier behaviors by using the TRM-EFISHG
microscopic images [116,117].

4.2 Carrier motion in sandwich-type devices

As mentioned in section 2, EFISHG measurement is available for measuring electric fields
in the film-thickness direction as well as for probing carrier motions in sandwiched-type devices,
most conventionally by introducing incident laser light obliquely onto such devices
[28,90,118-121]. We here discuss topics related to the detection of electric field and carrier
motions in film thickness direction.

Sandwich-type devices such as organic light-emitting diodes (OLEDs) and organic solar cells
(OSCs) are designed on the basis of general semiconductor device physics. However, owing to
the dielectric nature of organic semiconductor layers, the complexity of interfaces, the presence
of traps, etc., it is quite a task to describe the energy diagram of actual organic devices. For
example, organic double-layer diodes comprised of p- and n- type organic semiconductors show
a rectification property, but actual potential distribution formed in these diodes is far different
from the general semiconductor p-n diodes, owing to the dielectric nature of the organic



semiconductor layers [89]. Consequently, it is very effective to directly measure electric field
and potential distributions in these devices for analyzing carrier behaviors in actual organic
diodes [28,122]. We encounter similar situation when we talk about the rectification properties
of MIS diodes using organic semiconductor layers [123,124]. As already discussed, EFISHG
can directly and selectively probe electric field distribution in one of organic layers, and this
technique also enables us to study carrier behaviors in organic sandwich-type devices [125-127].
Results of EFISHG are very helpful for determining the rectifying property of organic
double-layer diodes, e.g., diodes with a structure of ITO/PI/TIPS-pentacene/Au [128,129].

a. Double layer EL diodes
Organic light-emitting diodes (OLEDs) have attracted much attention in electronics.
Basically, an OLED is an injection-type device with two different electrodes that are separated
by an organic multilayer [130]. Using energy diagram of molecules, e.g., HOMO and LUMO
states, many researches have been carried out for improving the device performance [131].
Ideas of using low work function electrodes, depositing dipolar layers on the surface of
electrodes, utilizing multilayer systems comprising hole- and electron-transport,
electroluminescent layers, and so forth have been presented [131,132]. These important ideas
are well accepted to achieve high-performance OLED devices [133]. However, owing to the
ambiguities of energetics at the organic metal and organic-organic interfaces, carrier behavior in
OLED devices is still not fully understood. To clarify the details, we need to pay attention to
carrier injection from electrodes, carrier transport across active layers, and charge accumulation
and recombination at the interface which lead to electroluminescence (EL). Hence, one of the
most effective ways is to probe directly carrier motion in OLED devices. Probing carrier
behaviors in combination with charge accumulation at the interface is particularly important,
because the Maxwell-Wagner effect suggests carrier accumulation at the interface of layers, and
this accumulation contributes to form space charge field. Consequently, EFISHG measurement
coupled with the Maxwell-Wagner model analysis is very helpful for this purpose
[28,29,89,134,135]. Making use of the TRM-EFISHG experiments on double layer OLEDs with
N,N’-di-[(1-naphthy])-N, N -diphenyl]-(1,10-biphenyl)-4,4’-diamine ( « -NPD) and tris (8-
hydroxy-quinolinato) aluminum(I1l) (Alg3) layers by applying a step voltage showed well
charging and discharging of carriers on electrodes and carrier transit across «-NPD and Alg3
layers, and non-reversal charging and discharging processes resulted from the different carrier
behaviors accompanied by ordinary green EL [29,89].
To analyze carrier behaviors of this OLED devices, EFISHG measurement is carried out by
laser irradiation with a wavelength of 820 nm, in order to selectively measure the electric field
formed in the «-NPD layer by probing the SHG I(2w) with a wavelength of 410 nm [28].



Upon application of external voltage V,,(t), the electric field across the «-NPD layer E;

varies with time, on satisfying the following relation.

C 1 Q@) 1
E(t)=—2—V_(t) —————-—+E 14
1( ) Cl + C2 GX( ) dl Cl + Cz dl 1b ( )

Here C; and C, are capacitance of o-NPD layer and Alg3 layer, respectively, dl is the
thickness of «-NPD layer. E,, is the electric field caused by work function difference etc,

which corresponds to other terms in Eq. (8). Qs(t) is the interface charge accumulated at the
interface between «-NPD and Alg3 layers owing to the Maxwell-Wagner effect. The EFISHG

is given by Eq. (8) with E/() of Eq. (14), instead of E(0). That is, the generated EFISHG

changes on satisfying Eq. (14), showing that interface charge Q.(t) is accumulated with a

response time governed by the Maxwell-Wagner relaxation time.

Figures 13 and 14 show, respectively, EL and EFISHG measurements under application of
an ac square voltage to the ITO/« -NPD /Alg3/Al OLEDs [136,137]. Two kinds of ac square
voltage waveforms are chosen, one is with no dc components (Square voltage a), and the other
is with dc components (Square voltage b). As Figure 13 shows that EL is generated in
accordance with the applied ac square voltage, where the generation is dependent on the applied
frequency and also the wave form. In more detail, the EL intensity gradually decays with the
increase of the frequency of the applied ac square voltage, and reaches a minimum at the
frequency corresponding to the carrier transit time of Alg3 layer. Interestingly, the EL intensity
again increased by the application of further higher frequency ac square voltages, relying on the
dc component of the ac square voltages [138-140]. Results suggest the presence of two EL
modes, where the space charge field caused by the interface charge makes a significant
contribution. That is, in the low frequency region, accumulated holes at the interface suppress
hole injection and leads to the decrease of the EL intensity activated by the recombination of
holes and electrons injected from opposite electrodes. On the one hand, in the high frequency
region, the accumulated holes assist electron injection and result in the increase of EL intensity
activated by the recombination of the interfacial accumulated holes and injected electrons from



Al electrode. However these are merely speculation, and we need to make clear the presence of
this space charge field caused from accumulated interface charges and its contribution. For this
purpose EFISHG measurement is useful. Figure 14 shows the EFISHG measurements in the
low frequency region, where two kinds of ac square voltage waveforms are chosen, i.e., one
with no dc component (Square voltage a), the other with dc component (Square voltage b)

[136-138]. From the top to bottom, the applied external voltage,V,, (t), generated EFISHG
intensity 1(2e), electric field E/(f) and accumulated interface charge Q,(t) are plotted. Here
generated EFISHG intensity 1(2w) is plotted by «/I (2w) with consideration of the relation

between the electric field and generated EFISHG (see Eq. (8)). Qs(t) is calculated using the

Gauss law of Eq. (7) with the EFISHG equation (8). Under ac voltage application with no dc
component (Square voltage a), in region A, Q is zero, in prior to voltage application V,,=+20
V. In region B, external voltage V,,=+20 V induces charges on the ITO and Al electrodes with a
circuit response time tgc(= RC)~10" s, and form electric field in the a-NPD layer as high as
Erc =5.6x10° V/cm. After that, in region C, holes are injected from ITO to a-NPD layer and
electrons are injected from Al to Alg3 layer for radiative EL recombination. The holes smoothly
transport in a-NPD layer (hole mobility: wu;~10* cm?/Vs) but electrons go through Alg3 layer
slowly (electron mobility: p,~10° cm?/Vs), due to imbalance of hole and electron transport in
the layers. As the result, holes excessively accumulate at the a-NPD/AIg3 interface, and the
electric field in the o-NPD layer decreases. The EFISHG showed that the electric field actually
decreases from Egc =5.6x10° V/cm to Eys =4.8x10° V/em at t; =10° s due to excess hole
accumulation Q4 =6.5x10® C/cm?.0n the other hand, under ac voltage application with dc
component (Square voltage b), electrode charges are induced on the ITO and Al electrodes and
holes excessively accumulated at the a-NPD/AIg3 interface, in the way similar to the carrier
processes under the Square voltage a. However, excess holes stayed at the a-NPD/Alg3
interface in regions A and E Q2=3.0x10® C/cm?, as evidenced by the EFISHG measurement.
These results support the prediction that there are accumulated holes at the interface, and these
charges suppress hole injection in the low frequency region and lead to the decrease of the EL
intensity. Using the EFISHG results, we can carry similar discussion on the presence of
interface charge and its contribution, in terms of the EL in the high frequency region [137,140].
In this way, we can monitor dynamical carrier behaviors in charging and discharging processes
in EL devices, by means of EFISHG.

Noteworthy that, electroluminescence has been received much attention as one of the



pre-breakdown phenomena in the field of electrical insulation engineering for past several ten
years, where the main research interest is to detect very weak EL signals for the diagnostics of
insulators. However, using EFISHG provides a new way for the detection of the pre-breakdown
phenomena because carrier motions leading to carrier recombination can be monitored, as
shown in Fig.15 [141].

b. Double layer memory devices.

Ferroelectric polymers are widely used as memory materials, where copolymer of vinylidene
fluoride (VDF) and trifluoroethylene (TrFE), P(VDF-TrFE) stands out as its bistable and
remanent polarization that can be repeatedly turn-over by an external electric field [142,143].
Recently, ferroelectric polymers have also been used in electronic devices such as organic field
effect transistors (OFETS) [144,145] and organic photovoltaic cells (OPVs) [146,147], where a
strong internal electric field induced in the active layer of these devices by spontaneous
polarization of ferroelectric polymers is well utilized for efficient device operations. As a result,
carrier behaviors in the active semiconductor layer, e.g., pentacene, have been deeply studied in
terms of the turn-over of spontaneous polarization of ferroelectric layer [148,149]. For the
p-type pentacene OFETs with a ferroelectric P(VDF-TrFE) gate insulator, hole/electron
injection, transportation, charging, and discharging at the P(VDF-TrFE) gate insulator interface
and so forth have been clarified in response to the turn-over of spontaneous polarization of
ferroelectric layer. Similarly organic memory MIS diodes with a ferroelectric P(VDF-TrFE)
insulator have been studied. These studies are mainly carried out by means of electrical
measurements such as displacement current measurement (DCM) using ramp voltage [150,151],
but these are no longer sufficient to account for carrier behaviors in a variety of organic
semiconductor devices being utilized with ferroelectric P(VDF-TrFE) layers. Using EFISHG
probes the electric field change induced in organic devices with a ferro-electric layer gives
much information on the carrier behavior in these devices [152-154].

Figure 16 shows a typical example of DCM measurements for MFM and MFSM (the inset
of Fig. 16(a)) devices, which were prepared on patterned indium zinc oxide (1ZO) substrates
[30]. P(VDF-TrFE) (72-28 mol. %) layer with a thickness of 200 nm was spin-coated on the
substrate, and then pentacene layer (200 nm, for MFSM device) and gold electrode were
thermally evaporated successively. For the DCM measurement, a ramp voltage was applied on
the 1ZO electrode. Figure 16(a) shows the results of DCM for the MFM device. Two peaks
(peaks A and B) are clearly observed at symmetric positions at voltages corresponding to the
coercive electric field E. of 0.6 MV/cm, and show no dependence on sweeping frequencies of
ramp voltage. These results suggest that the appearance of peaks A and B are due to the

turn-over of spontaneous polarization.



On the other hand, for MFSM devices, three peaks A, B, and C are clearly observed. The
appearance of the third peak, peak C, at the non-symmetric position of peak A is a typical
characteristic of the MFSM device. Results suggest a two-step polarization reversal of
ferro-electric layer in the pentacene/P(VDF-TrFE) double-layer device. However this is merely
a speculation. For studying carrier behaviors with the turn-over of polarization, it is very helpful
to measure the electric field formed in pentacene and PVDF layers. Figure 17 shows the result
of EFISHG measurement, where the electric field across pentacene layer is recorded [31].
Results clearly verify the proposed two step polarization reversal process by the two different
hysteresis loops: one loop is in Fig.17 corresponding to peak A and B, and the other loop is
corresponding to peak C [148]. Results of EFISHG suggest that the interaction of interfacial
charge and ferroelectric polarization is responsible for this two-step process. Noteworthy that
situation of the 2-step turn- over strongly depends on organic semiconductor materials, where
the interaction at the interface between ferroelectric layer and semiconductor layer is quite
different. For example, for P(VDF-TrFE) /C60/Aulor Al) double layer devices, only two
peaks appear, but the peak position appears at quite different voltages from those of
P(VDF-TrFE) /pentacene /Au double layer device, owing to the potential drop across C60
layers. Using the EFISHG measurement is an effective way for clarifying the

contribution of organic semiconductor layers [153,155].

¢. Organic solar cells

There are many kinds of organic solar cells (OSCs), e.g., bilayer type, blended-type, etc.
Among them bulk hetero-junctions (BHJs) OSCs have been paid much attention, in terms of the
conversion efficiency of OSCs. Using BHJs, an idea of the introduction of hole and electron
blocking layers has also been developed. However the basic mechanism of carrier behavior is
getting more and more complex. Thus development of techniques available for probing carrier
behaviors in OSCs is anticipated, for getting the whole picture of carrier behaviors.

In BHJs OSCs, electron donor and acceptor molecules are mixed to introduce larger
contacting area for creating excitons to be separated into electrons and holes efficiently.
However it is very speculative to identify carrier paths in such devices. The EFISHG
measurement is very useful to investigate fundamental processes, not only in bilayer (double
active layer) OSCs but also in blended-type OSCs [156-160]. Main reason is that the generation
of the EFISHG depends on the materials properties of targeted sample. Consequently, it is
possible to observe and study different material components in the BHJ layer individually, by
choosing two appropriate laser wavelengths. This is an advantage of the EFISHG for the study
of carrier path in BHJ OSCs. For example, for OSCs co-deposited with pentacene and C60,
EFISHG measurement has been carried out at two laser wavelengths of 1000 nm and 860 nm,



by which carrier behavior inside the pentacene and C60 have been selectively probed. As a
result, the presence of two carrier paths for electrons and holes have been identified from the
EFISHG response by application of laser pulse to the OSCs [63]. The EFISHG provides an
additional promising method to study carrier path of electrons and holes as well as dissociation
of excitons in BHJ OSCs [161,162]. Further recently much attention has been focused on the
perovskite solar cells, where the dissociation of excitons is postulated to happen in the bulk of
the solar cells. We believe that the EFISHG can be employed to make clear the contribution of
the internal electric field, and thus the technique is available for studying the carrier process.

As mentioned above, EFISHG is available for studying carrier behaviors in organic devices.
Finally we should note that this method has a potentiality to study carrier behaviors in inorganic
devices, such as amorphous silicon (a-Si) solar cells [163] and AlGaN/GaN high electron
mobility transistors (HEMT) [164,165].

5. Conclusions

In this review paper, we summarized novel methods for studying carrier motions in solids
and in devices by probing polarization induced in organic materials. The methods are MDC and
EFISHG measurements. In both measurements, polarization is a key parameter for the detection
of dynamical carrier motions. In the MDC measurement, we probe polarization induced by
orientationally aligned dipoles, by measuring the change of induced charge on electrodes with
time. On the other hand, in the EFISHG measurement, nonlinear polarization induced in solids
in the presence of dc electric field is probed by coupling with a laser beam. As carriers are
source of electric fields, we anticipate that EFISHG is broadly available for studying electronic
devices. As mentioned above, by focusing on polarization induced by dipoles, and electrons and
holes, we find a way to analyze dynamical carrier motion in solids and in devices. As a future
scope, we also need to study a way for probing dynamical motions caused by quadrupoles, and
others. Further we need to couple MDC and EFISHG measurements with other methods that
can probe carrier motions in energy space. Coupling of charge modulation spectroscopy,
electro-absorption spectroscopy, and others will be effective [115,166-169]. Further experiments
and studies proceed.
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Figure captions

Figure 1: (a) Permanent dipole of polar molecule and spontaneous polarization due to alignment
of dipoles. (b) Maxwell Displacement current (MDC) measurement and aligned polar molecules
at the water surface. The charge Q, is induced on the suspended top electrode, which is a
source for MDC current.

Figure 2: (a) Dipole moment of polar molecules estimated from MDC measurement. (b) MDC
current during monolayer compression. (c) Surface pressure-area isotherm during monolayer
compression.

Figure 3: MDC due to photo-isomerization of azobenzene monolayer. The trans- and cis-
conformation change of azobenzene induced the reversible MDC signals [13].

Figure 4: (a) The space charge +q and induced charges q; and g, on the electrodes. (b) TOF
current that flows during transit of charge +q. The current flows only inthetime 0 < t < ¢t,.

Figure 5: TOF measurement of pentacene field effect transistors with various transistor channel
length (L=40, 50, 60, 80, 100 um). In the measurement, holes are injected from the Source
electrode at t = 0, transported across the transistor channel region, and arrived at the Drain
electrode at the time indicated by arrows. Reprinted with permission from Weis M, Lin J,
Taguchi D, Manaka T and lwamoto M 2009 J. Phys. Chem. C 113 18459 [20]. Copyright 2009
American Chemical Society.

Figure 6: The generation of electric-field-induced optical second-harmonic generation
(EFISHG) light. In the presence of electrostatic field E(0) # 0, electron clouds in molecules
are distorted and the nonlinear polarization P(2w) is produced. As a result, EFISHG is emitted

from molecules with its intensity 1I,,, o |P,,|?.

Figure 7: (a) The time-resolved microscopic SHG (TRM-SHG) measurement system that can
visualize carrier propagation in organic field-effect transistors and others. As a light source,
pulsed lasers such as Nd:YAG and femto laser are available. (b) Timing chart of dc voltage V¢

and V,,, and pulsed laser incidence, for TRM-SHG measurements.



Figure 8: (a) The electrostatic field (Laplace field) formed in the pentacene field-effect transistor.
The black curve is the electric field distribution which was directly visualized by TRM-SHG
measurement. The thick gray curve is a numerical calculation by a finite element method.
Reprinted with permission from Yamada D, Manaka T, Lim E, Tamura R, Weis M and Iwamoto
M 2008 J. Appl. Phys. 104 074502 [98]. Copyright 2008, AIP Publishing LLC. (b) The electric
field distribution at the Drain electrode edge of pentacene field-effect transistor. The filled
circles and open squares plot electric field distributions with and without hole injection, under
dc voltage application to the Gate electrode with reference to the Au Source electrode (Vs < 0).
Yamada D, Manaka T, Lim E, Tamura R and lwamoto M 2008 J. Appl. Phys. 103 084118 [99]

Figure 9: (a-1) The TRM-SHG image of holes propagating in the pentacene field-effect
transistor. The top and bottom region of the image is the Drain and Source electrodes, while the
center region is the transistor channel (L=40 um). Upon voltage application to V¢ (<0) at t=0s,
holes are injected from the Source electrode edge to the channel. (a-2)-(a-7) The EFISHG
images visualize the injected holes propagating to the Drain electrode. The carrier front of the
holes, indicated by arrows, shift from the Source to the Drain as the time 7 elapsed after dc
voltage application. (b) The motion of carrier front position from the Source electrode edge.
Holes propagates along the transistor channel on satisfying x o /T relation, indicating that
carrier drifting governs the carrier transport mechanism [37]. Copyright (2014) The Japan
Society of Applied Physics.

Figure 10: (a) I45-Vjs curve of the ambipolar pentacene field-effect transistor. Reprinted from
Manaka T, Kawashima S and Iwamoto M 2011 Charge modulation spectroscopy for probing
ambipolar carrier injection into pentacene field effect transistors Physics Procedia 14 2009.
Copyright (2011), with permission from Elsevier. (b) TRM-SHG images directly visualizing
hole (left) and electron (right) transport in the ambipolar pentacene field-effect transistor. Holes
and electrons are injected from the Source electrode edge by the voltage application 1,3<0 and
V>0, respectively. The carrier propagating front, indicated by arrows, shift from the Source to
the Drain as the time 7 elapsed. (c) Time dependence of the carrier front position from the
Source electrode edge, for holes and electrons moving in the pentacene OFET channel.

Figure 11: TRM-SHG measurement of ambipolar pentacene OFET. (a) SHG image visualizing
carrier motion of both holes and electrons. (b) Experimental setup for pulse voltage application
to OFETs. Electrons were injected from the Drain electrode in prior to hole injection from the
Source electrode. (c) SHG intensity profile across the OFET channel from Source electrode
edge (0 um) to the Drain electrode edge (40 um). The SHG peak corresponding to the frontier



of propagating holes meet electrons at around 33 um. The enhanced local electric field due to
hole-electron recombination process is clearly observed in the bottom profile (400 ns).

Figure 12: (a-1)-(a-3) The anisotropic hole transport in F8T2 film prepared by the FTM method.
The holes are injected from the round-shaped single electrode, and transported in the film with
maximum carrier mobility ., and w.,, as illustrated. EFISHG images clearly suggested
that hole mobility is high in the FTM direction [indicated by an arrow in (a-3)], reflecting
anisotropic F8T2 film formed by the film preparation process. Ew in (a-1) indicates
polarization direction of the incidence laser beam. (b-1)-(b-3) The isotropic hole transport in
pentacene film prepared by the conventional vacuum evaporation. TRM-SHG visualized the
isotropic carrier transport of the pentacene film, reflecting isotropic morphology of the
pentacene film by vacuum evaporation.

Figure 13: EL intensity curve as a function of frequency of square wave voltage. The blue
squares show EL under voltage with no dc component (Square voltage a), while red circles plot
EL under voltage application with non-zero dc voltage component (Square voltage b).

Figure 14: EFISHG measurement of ITO/a-NPD/AIg3/Al double-layer OLED, under
application of voltage with and without dc component. (a) Square-root of the SHG intensity
\/Iz_a,. (b) Electric field in the a-NPD layer estimated from the SHG intensity. (c) Interfacial
charge Qg accumulating upon voltage applications.

Figure 15: EFISHG-t measurement that detects instantaneous charging of OLED (device
structure: 1Z0/a-NPD/AIg3/Al) as a pre-electrical breakdown phenomena. Result showed that
(1) SH intensity is stable after dc voltage was applied to OLED at t=50 s, (2) SH intensity
occasionally and instantaneously enhanced due to charging in prior to electrical breakdown at
t=560 s, as indicated by an arrow, (3) electrical breakdown occured at t = 600 s. In the
measurement, electric field in the o-NPD layer was probed for detecting pre-electrical
breakdown phenomena, by using the probing laser beam with a wavelength of 820 nm.

Figure 16: Displacement current measurement of organic memory devices under triangular
voltage application. (a) MFM structure device [IZO/P(VDF-TrFE)/Au]. (b) MFSM structure
device [IZO/P(VDF-TrFE)/pentacene/Au]. Reprinted with permission from Li J, Taguchi D,
OuYang W, Manaka T and lwamoto M 2011 Appl. Phys. Lett. 99 063302 [30]. Copyright 20011,
AIP Publishing LLC.



Figure 17: EFISHG measurement of the MFSM type memory device. Result shows hysteresis
behavior of memory device. Loop 1 is the first-step polarization reversal of peak B in the DCM,
while loop 2 is the second-step polarization reversal of peak C. (a) Electric field change
estimated based on the Maxwell-Wagner effect model. (b) Electric field directly probed by the
EFISHG measurement. Reprinted with permission from Li J, Weis M, Taguchi D, Manaka T and
Iwamoto M 2012 Analyzing a two-step polarization process in a pentacene/poly(vinylidene
fluoride-trifluoroethylene) double-layer device using Maxwell-Wagner model J. Appl. Phys. 111
023706 [31]. Copyright 2012, AIP Publishing LLC.



(a) (b)

electrode

9 o

Q

S

permanent .
dipole compression

0000

. 0

0

sucface 77/ //// /[ /1 /111111111 f’fjfff
/i (&

."},r!f

0,"

(&3]

’;f,f,rf; ”,f;;"f’ff r’f,r’;’h f’ff f,f

Figure 1: M. lwamoto et al.

.r'.-')f ‘ff




100

2 1 A9min molecule™
20

60

|
|
|
|
< -
COmMpPresson
o =

L
40

Area per molecule [ﬁﬁfmulecule]

20

&
— L
e
- Il o Il a 'l |r“-.|||.||-||II-IIIIl a 0 o 0 o 0 . I .
) =+ el - S = =) w W T N o
o= o = i

[a] *e awow sjodia

[wi] (OaW) wweuny
JuBWwaoedsi() [|eMXe

[wnw] ainssaud aseuns

M. Iwamoto et al.

Figure 2:



_ v Wis uv Vis  Vis
[: '”‘1 3 &3 3 £ &
T
H“"N

0

trans form

H = Ha

[xlﬂz] G N B i ey |

UV light visible light ,jz

%,=380 am =430 nm =

L

=1

ciz form " &
p=m T
(# Ha) [

0 3 10 15
Time [min]

Figure 3: M. lwamoto et al.



(a) (b)

_{#_ A
electrode 1 L iz electrode 2 7

_d_"““ 2 = ——=1q

q = d q +qﬁ‘/-'c? d

(O]
I
(-
x
I
+
Es]

=0:

Figure 4: M. lwamoto et al.



Current (nA)

Time (us)

Figure 5: M. lwamoto et al.



electron

cloud
molecule

Figure 6: M. lwamoto et al.



(a) (b)
CCD camera
EF ISHG

1 interference filter V,,, Vy

= fundamenta|
filter

Nd:YAG, \
femto laser \
etc.

> t

EO

ou-.lﬂ
4

Figure 7: M. lwamoto et al.



(b)

I.Sl 15000
g
8 =z -
- ER
=1 - 10000 = g
et — Laplace field g £
3 by finite element =, Z
o method g E
=0.5 . . 5000 =2 E
3 — CCD imaging 8 =
5] T ”
— # ]
0 0
0 10 20 30 40 50
Drain position (um) Source

Figure 8: M. lwamoto et al.

1L75 o

Source

Channel

I T
@ Result {on)
K> Result (o)

T I I I

s Comfarmal mapping (ofl)
prmm Finite element method {(off)

o w20

L
340 50 o
position [ m|

70




=) Laser spot
Drain (D) i P

[40 1m

1=0.11 cm?/Vs

" 1 i 1 i L i 1 i
0 100 200 300 400 500
T [ns]

Figure 9: M. lwamoto et al.



1 I |l 10'3
110

b 110°

10
\\ _ 10°
v A

5h \ 7)_ 105

/ -9
N | 410
0 b e k'_,/ 10-10
-100 -50 O 50 100

Vg V]

14 [A]

Hole transport (V5 < 0) Electron transport (V5 > 0)

Laserspot”~

Drain (D)

Source (S)

\ 7=1500ns

=95000 ns

o
o
S

hole (Vs < 0)
1p=0.72 cm2V-s 7

e 40 -
=

C g
o

= electron (Vg > 0)

@ 20 2.8 104 om -
o 1,=8.8x10" cm</V's

o

0 10 20
Time t [us]

Figure 10: M. lwamoto et al.



electron”

hole

0'ns

electron ™
hole

100 ns

%Igfetron electron

200 ns ‘ M
XX . 100ns
%Igl%tron f ) FESOSES e~ M A

[ e 200 ns

300 ns S
T g 300 ns

recompination
recombination P |

7400 ng

400 ns T T T T =
10 20 30 40 Drain

position [um]

Figure 11: M. Iwamoto et al.



£

3 ;:'Tiréctio ‘
(b-1) (b-2) (b-3)

round shape
electrode

Figure 12: M. lwamoto et al.



::3 I=--| Regin | -H-—-I Regon? H
z %
g g o Ry r
d 0k FEF#UET%mT f ]

10 100 100 10 10° 10

Frequency [Hz]

Figure 13: M. lwamoto et al.



[nun ‘qre]

(e)rp

D= & —
—_

= [wo/al

~X (ddN0) '7 ~
2 pprgomoor >

—
=

—
X
e

M=o

[ woyD]
0

-3 -2

5 4

-6
10 10 10 10 10

7 6 -5 4 3 2 8 -7
0

8
10 10 10 10 10 10 10 10 1

Delay Time [sec]

Delay Time [sec]

Figure 14: M. lwamoto et al.



V A
V =+25V

| . T . I -
rry charging
'c 2000} -
=
E- W
9,
Fery electrical
g 1 000 N breakdown i
(4]
=
L
w

0 " 1 2 1 2
0 200 400 600 800

Time [s]

Figure 15: M. lwamoto et al.



10

-10

Current/frequency [nA/mHz]

=
S

=
o

Current [pA]

(a)

e SmHz * 30mHz
* |O0mHz * 40mHz
20mHz * 50mHz

-30

15

-15 0
Voltage [V]

Figure 16:

Voltage [V]

M. lwamoto et al.



4+ (a) 1.0
g |y !
S 05| ! ‘
= 2 005560 20 40 i
g_ Voltage (V)
=
ﬂ. L .
40 20 0 20 40
Voltage (V)
41 (b)
— Loop 2 o
=1 / .
E —at
£ ;
£, Lloopl $ 7 |
= . p
2 \ J .'.'l
= “goeq? 200l pogat®syes Th0%
.l:'..h., g H..!. o
i . .
40 20 0 20 40
Voltage (V)

Figure 17: M. lwamoto et al.



