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Abstract

By using dark-injection time-of-flight (ToF) and time-resolved electric-field-induced
optical second-harmonic generation (EFISHG) measurements, we studied carrier
mobility u of pentacene (Pen) thin film of ITO/Pen/Al and Au/Pen/polyimide/ITO
diodes where pentacene film is ~ 100 nm in thickness. ToF showed that determination
of transit time t, from trace of transient currents is difficult owing to large capacitive
charging current. On the other hand, optical EFISHG is free from this charging
current, and allows us to calculate hole and electron mobility as u,=1.8x10* cm?/Vs
and p,=7.6x107 cm?/Vs, respectively, by using the relation t, = d/u fttcrE (0)dt
(d: Pen thickness, E(0): electric field across Pen), instead of the conventional
relationship t, =d?/uV (V : voltage across Pen). Time-resolved EFISHG

measurement is useful for the determination of carrier mobility of organic thin film in
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organic devices.
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1. INTRODUCTION
Organic semiconductor materials have gained extensive attention in electronics
over past decades. Considerable interests are attracted not only among scientific
community but also in industry, as they possess good processability, mechanical
flexibility, and so forth [1]. Using organic semiconductor materials, a variety of
organic devices have been designed. Among them are organic light-emitting diodes
(OLEDs) [2-4], organic field-effect transistors (OFETs) [5-7], organic solar cells
(OSCs) [8-10], and so on. For improving the performance of organic electronic
devices, we need to study carrier transport process in devices [11]. Therefore,
development of characterization methods for studying carrier transport is important.
Many techniques have been developed to determine carrier mobility in organic
films by measuring electrical currents flowing across organic films. These are
transient current measurement and steady state current measurement [12-15].
Dark-injection time-of-flight (ToF) and laser-ToF are typical transient measurements,
and space charge limited current measurement is a typical steady state current
measurement. Using these techniques, the carrier mobility of organic thin film
sandwiched between parallel two electrodes has been successfully investigated. As a
result, it has been found that the determination of carrier mobility of organic films
with a thickness more than 1 um is well conducted. On the other hand, recent
progress in organic electronics motivated us to study carrier mobility of thin active
organic layer in organic devices, because carrier behaviors in organic devices differ

from those in organic thick films sandwiched between a set of two parallel electrodes.



This motivated us to study the actual carrier mobility of organic semiconductor in
organic devices, where the thickness of active organic layer is less than micrometers,
e. g., on the order of several hundred nanometers.

In this study, we present time-resolved electric-field-induced optical
second-harmonic generation (EFISHG) measurement as an efficient technique of
directly visualizing carrier motion in thin films from the electric field point of view
[16-19], for the determination of carrier mobility u of pentacene layer with a
thickness of 100 nm and 200 nm in organic diodes. We also use dark-injection ToF
measurement for the determination of carrier mobility g, on the basis of the
conventional relationship t, = d?/uV. Here, t, is carrier transit time, d is the
pentacene layer thickness, and V is voltage across the pentacene layer [12, 13].
Noteworthy that ToF is the established electrical measurement used for determining
carrier mobility of films [20-24]. In most reported works, the testing film thicknesses
is chosen to be over 1 um, to easily determine the carrier transit time t, in
accordance with the relation RC < t; < tp . This relation represents the
experimental limitations caused by (a) RC response time (RC) and (b) loss of carriers
due to deep trapping (7p) in transient experiment [25]. On the other hand, in the
present study, ToF measurements are tested using diodes with a pentacene layer with a
thickness of 100 nm and 200 nm. Results of these ToF and EFISHG measurements are
analyzed and the advantage of using EFISHG for determination of carrier mobility of

thin organic layer in organic diodes is discussed.



2. EXPERIMENTAL
2.1. Sample preparation

We prepared single-layer diodes with an ITO/pentacene/Al structure and
double-layer diodes with an Au/pentacene/polyimide/ITO structure. Figure 1(a) and
(b) illustrate these diode structures. For double-layer diodes, a polyimide (PI) layer is
used as a carrier blocking layer. This polyimide layer prohibits carriers from crossing
the layer, and also blocks carrier injection from the ITO electrode attached.

Samples are prepared as follows; firstly, ITO substrate was pre-cleaned by
ultra-sonification (10 min in acetone; 10 min in ethanol; 10 min in deionized water)
followed by UV/Ozone dry cleaning. For the deposition of PI layer, 40 wt%
CBDA-BAPP (Nissan Chemical Industry) solution was spin-coated (500 rpm for 5 s
then 2500 rpm for 25 s) onto the ITO surface, followed by thermal imidization at
260°C for 120 min. The thickness of PI layer was determined using a contact
profilometer. Then, pentacene (Tokyo Chemical Industry) was thermally evaporated
onto ITO surface (single-layer diode) or on PI surface (double-layer diode) in vacuum
(pressure less than 10 Torr) with a depositing rate of 1 A/s. Finally, metal electrodes
(Au or Al) were deposited by thermal evaporation with a depositing rate of 2 A/s. The
designed electrode area was approximately 3 mm?. For the vacuum deposition,

depositing rate and thickness were controlled by using a quartz crystal microbalance

(QCM).



2.2 Time-of-flight measurement

Figure 1(c) shows the setup of ToF measurement. A square-wave voltage with
variable amplitude and a settled frequency of 10 Hz was applied to the ITO electrode
of diodes in reference to the metal electrode grounded. In experiment, transient
electrode charging appeared just after the applied voltage value jumped from 0 V to
the target value, and it was followed by carrier injection and succeeding carrier
transport. This charging effect must be removed in the measurement. To eliminate the
influence of the transient current peak induced by this electrode charging, an external
adjustable capacitance C (= Cs: capacitance of the diode device) and a differential
amplifier were installed. The transient current was measured to trace transit of carriers
in diode for determining carrier transit time ¢,..

2.3 EFISHG measurement

Figure 1(d) shows the experimental setup for EFISHG measurement, and it was the
same as that reported in our previous paper [26]. In the way same as in ToF
measurement, a square-wave voltage with a frequency of 10 Hz was applied to ITO
electrode, to generate carriers that can inject and transport through the pentacene layer.
An external optical system is applied to detect time-resolved EFISHG signal. A
Q-switched Nd:YAG pulsed laser equipped with a third-harmonic generator and an
optical parametric oscillator (OPO) was used as a light source (repetition rate: 10 Hz,
pulse duration: 4 ns, average power: 0.6 mW). The EFISHG is a two-photon process
and its intensity is given as:

120) « |PQw)|’, B2w) = 7P (—20; 0,0, w) i EO)E (w)E (). 1)
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ﬁ(Zw) is the nonlinear polarization induced in organic layers and ¥® is the third
order nonlinear susceptibility tensor. E (0) is the electrostatic local field formed in
organic layer, and E (w) is the electric field of incident laser beam. Eq. (1) indicates
that the square-root of SHG intensity should be proportional to the magnitude of
electric field E (0). A principal reason why we can use EFISHG for probing carrier
transits is that carriers are a source of this electric field E (0) in Eq. (1). ¥® is
activated resonantly at a material-dependent laser wavelength. The wavelength of the
pulsed laser was set at 860 nm for probing carrier motion in pentacene layer, and the
second-harmonic light intensity I(2w) generated at wavelength of 430 nm was
probed [27]. Noteworthy that photocarrier generation in pentacene layer is negligible
under laser illumination at 860 nm. That is, photoconductivity effect by laser

illumination is negligible.

3. RESULTS AND DISCUSSION
3.1 ToF measurement

Figure 2 shows the transient currents measured by ToF. To inject holes and
electrons respectively, positive pulse biases (1 V ~ 4 V) are applied to the ITO
electrode in single-layer device of ITO/pentacene/Al, while negative biases (-7 V ~
-20 V) are applied to ITO electrode of Au/pentacene/PI/ITO. For each curve,
notable current peaks are observed though they appear as a result of overlapping
electrode charging with carrier transit. Figure 4(a) plots the time constant t extracted

from the ToF transients by applying the exponential function: I(t) = I, exp(—(t —



to)/t) to fit the decreasing tail (t,: current peak time for electrode charging). The
time constant is plotted as a function of equivalent voltage V,, across the pentacene
layer. That is, V,; =V for single-layer diode and V., = C;/(C; + )V for
double-layer diode (C;, C,: capacitance of pentacene and polyimide layer,
respectively). In ToF measurements, carrier transport time is voltage-dependent in a
manner as t, = d?/uV and t, = 0.786 X d?/uV for space charge free and space
charge limited condition, respectively [12]. That is, transport time is inversely
proportion to voltage as t,.o« 1/V . By contrast to the 1/V dependence,
experimentally determined time constant is nearly voltage-independent and governed
by the measurement circuit time-constant RC~107 s. Though we used a differential
amplifier to remove the electrode charging current, notable electrode charging
dominates the transient currents as electric noise, leading us to a difficult situation in
mobility calculation. Further instrumental modification is needed to remove

capacitive current in ToF measurement, but it is hard task.

3.2 EFISHG measurement

Figure 3(a) and (b) show time-resolved EFISHG transients of single-layer diode for
negative and positive bias, respectively. When the external voltage switched from 0 to
V, the detected SHG intensity, proportional to the electric field intensity, increases
rapidly with circuit time constant RC, due to electrode charging effect. That is,
electrode charges +Q,, and —Q,, are induced on ITO and metal (Au or Al)

electrode, respectively, by the external voltage, and change as +Q,, = +CV(1 —



exp(—t/RC)) as expected from electrical circuit analysis [28]. Meanwhile, electric
field E(0) is formed in the pentacene layer as Ep, (= E(0)) = Qn/e (e: dielectric
constant of pentacene layer). For negative biases, as shown in Figure 3(a), SHG
intensity increases during the electrode charging process and saturates. No obvious
SHG intensity decay is observed after the electrode charging, suggesting that the
internal electric field intensity remains constant after electrode charging process
without further carrier injection. On the other hand, for positive bias, the SHG signal
initially increased due to electrode charging, followed by a clear attenuation (for 6 V
and 8 V). This is due to hole injection from ITO electrode to pentacene layer,
followed by hole transport in the layer. The electric field increases during electrode
charging process in the way same as that for negative bias application case. This
process is observed as the increase of SHG intensity in Fig. 3(d) at around circuit time
constant RC=107 s. After the electrode charging, electric field E,, is formed in the
layer. When carriers inject into the pentacene layer and then transit, these injected
carriers form space charge electric field Eg in addition to electrostatic field E,,. In
more detail, holes injected from ITO electrode produce space charge field pointing
from holes to ITO electrode (E; < 0). Accordingly, electric field at the ITO electrode,
E(0) = E,, + E,, is decreased. This process resulted in the decrease of SHG intensity
by the time hole transport completes at around 10 s. Figure 4(a) plots the hole transit
time t, determined as the finishing time point of the decay of SHG intensity as a
function of the applied voltage V. The transit time is inversely proportion to voltage V,

t, < 1/V, in a manner as expected from drift carrier motion along electrostatic field



in the film.

Figure 3(c) and (d) illustrate EFISHG results of double-layer diodes for negative and
positive bias, respectively. Results showed that, for both positive and negative biases,
carrier injection and carrier transit were observed. The SHG intensity increases at
RC=10" s due to electrode charging. Afterwards, SHG signal decays due to carrier
injection and transit for both positive and negative biases. This result is different from
single-layer diode where the SHG decay related to carrier transport is only observed
for hole injection. Taking into account the carrier blocking property of PI layer, we
argue that for negative bias the decrease of SHG signal is due to holes injected from
Au electrode to pentacene and the decrease in positive bias is due to injected electrons.
From the finishing point of SHG signal decay, we extracted hole and electron transit
time, and plotted in Fig. 4(a) and (b), respectively, as a function of equivalent voltage
Veq = C3/(Cy + C) - V. The result clearly shows that transit time of both holes and
electrons are in proportion to reciprocal of voltage t, « 1/V as expected from carrier
drift process.

Finally, the time-resolved EFISHG indicated that the local electric field E(0)
changed in the pentacene layer with time, due to carrier injection and their transport.
The quantitative relation between SHG intensity and electric field intensity E(0) can
be determined by measuring the SH-V curves [26, 28,29]. As the result, for
single-layer diode, E(0) = 6.17 X \/m /d where SH,; is the SHG
intensity at the time t, SH,,s 1s the signal intensity without external voltage
application, and d is the pentacene thickness. Similarly, for double-layer diode,
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E(0) = 32.3 X ,/SH; — SH};5./d. Consequently, by quantitatively fitting the SHG

intensity to electric field intensity change, we can calculate carrier mobility u by

using the following relation:

d
ty ttCTE(o)dt

p= )
t, is the transit time and t.(=107 s) is the starting time point of electrode charging.
By using electric field E(0) and Eq. (2), we obtained hole mobility u; = 1.76 X
107* cm?*Vs and electron mobility u, =7.59x 1077 cm?Vs from the
time-resolved EFISHG measurement for +20 V and -20 V, respectively. It is
instructive to point out that the ratio of hole mobility and electron mobility . /un~
10 was observed similarly in our previous TRM-SHG experiment of pentacene
field-effect transistors [30, 31]. This also supports that the observed carrier mobility is
well reflecting carrier transport property of pentacene thin film. The possible origin of
low electron mobility is the presence of trapping states in the film due to oxygen and
other sources. It is also noteworthy that laser-ToF is another established technique for
carrier mobility determination, but it is hard to use this technique for thin film where
optical penetration depth exceeds film thickness [12]. Actually, we also carried out the
laser ToF for thin film diodes, but it was impossible to determine carrier mobility
using the relationship t, = d?/uV. CELIV is another way to extract carrier mobility
in thin organic films. This method is useful to eliminate large capacitive current in
dark-injection TOF [32-35]. However, injected carriers form electrostatic field and
complicates carrier drift motion in transport process, as evidenced by the EFISHG

measurement result. Direct probing of electric field in transport process during
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transient current measurement is useful to extract carrier mobility with correctly

taking account of space charge electric field from injected carriers.

4. Conclusions

EFISHG measurement is employed to analyze carrier transport process in organic
thin film (thickness less than 1 pm) and to calculate carrier mobility. The experiment
and analysis were compared with conventional ToF measurement. In ToF
measurement, carrier transit process and electrode charging process are not quite
distinguishable from each other, owing that thin film device allows rather large
electrode charging current to be flowed. EFISHG measurement provides clearly
distinguished images of electrode charging and carrier transport processes, and allows
us to extract carrier mobility. Furthermore, EFISHG measurement demonstrated that
injected carriers significantly deform electric field in device, and complicates carrier
drift motion. Direct probing of electric field during carrier transport process is useful
for extraction of carrier mobility from transient current measurements such as TOF

and CELIV where motion of injected carriers are the key to observe transport process.
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Figure captions
Figure 1: Sample structure of (a) single-layer ITO/pentacene (Pen)/Al, (b)

double-layer Au/Pen/polyimide (PI)/ITO diodes. Experimental setup for (c)

ToF and (d) EFISHG measurements.
Figure 2: ToF results of (a) ITO/Pen/Al diode, (b) Au/Pen/PI/ITO diode.
Figure 3: EFISHG results for ITO/Pen/Al diode by applying (a) negative voltage, (b)

positive voltage. The results for Au/Pen/PI/ITO diode under (c) positive

voltage, (d) negative voltage application.
Figure 4: Transit time extracted from ToF (filled symbols) and EFISHG (open

symbols) measurements for single-layer (square symbol) and double-layer

(circular symbol) diodes. (a) Hole transit. (b) Electron transit.
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