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Abstract

By using charge modulated reflectance (CMR) imaging technique, charge distribution in the
pentacene organic field-effect transistor (OFET) with a ferroelectric gate insulator
[P(VDF-TrFE)] was investigated in terms of polarization reversal of the P(VDF-TrFE) layer. We
studied the polarization reversal process and carrier spreading process in the OFET channel. [-V
measurement showed a hysteresis behavior caused from the spontaneous polarization of
P(VDF-TrFE), but the hysteresis I-V curve changes depending on the applied drain bias,
possibly due to the gradual shift of polarization reversal position in the OFET channel. CMR
imaging visualized the gradual shift of polarization reversal position, and showed that the
electrostatic field formed by the polarization of P(VDF-TrFE) contributes to hole and electron
injection into pentacene layer and the carrier distribution is significantly dependent on the
direction of the polarization. Polarization reversal position in the channel region is governed by
the electrostatic potential and it happens where the potential reaches the coercive voltage of
P(VDF-TrFE). Transmission line model developed on the basis of the Maxwell-Wagner effect

element analysis well accounts for this polarization reversal process in the OFET channel.
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1. Introduction

Since the discovery of electrical conducting organic materials, much attention has been paid to
the development of organic devices, e.g. organic field-effect transistors (OFETs) [1], organic
light-emitting diodes (OLEDs) [2], organic solar cells (OSCs) [3], organic memory devices [4],
etc., by utilizing advantageous features of organic materials such as weight lightness,
mechanical flexibility, easy-process ability, etc [5,6]. At the initial research stage of OFETs, the
effective carrier mobility was quite low [7], but nowadays we can see OFETs whose carrier
mobility exceeds 10 cm?/Vs [8,9], due to the emergence of innovative and advanced
fabrication techniques based on solution process, molecular evaporation process and so forth
[10], and also of new organic semiconductor molecules and synthetic conducting polymers.
Nevertheless, there are still many problems to be solved for practical use of organic materials in
devices. This situation motivated us to study carrier behaviors in organic devices, on the basis of
dielectric physics approach [11-13] that differs from the conventional semiconductor device
physics approach [14]. We therefore have been developing a method for analyzing organic
devices as Maxwell-Wagner (MW) effect elements [15-19], and also a novel experimental
technique for visualizing carrier dynamics in organic devices such as carrier transit in the
channel of OFETs [20-22], carrier transit across the double layer of OLEDs [23-25] etc. by
using electric field induced optical second harmonic generation (EFISHG) measurement.

In our previous paper, we studied the displacement current—voltage characteristics of metal/
ferroelectric/ organic semiconductor/ metal (MFS) diodes by using the EFISHG measurement
[26]. Results showed that the EFISHG measurement coupled with displacement current
measurement (DCM) is useful for analyzing the relationship between the polarization reversal
process in the ferroelectric layer and associated carrier behaviors in the semiconductor layer, in

terms of the three-peak generation in the DCM [27-29]. We also used the charge modulation



spectroscopy (CMS) to study the relationship between the related energetics of carriers in
semiconductor layer and polarization reversal in MFS diodes [26]. These results showed that
combining EFISHG measurement and CMS provides us a way to study spatial and energetic
carrier behaviors in semiconductor layer, which is governed by polarization reversal in MFS
diodes. As an extension study of the above MIS and MFS studies, the carrier behaviors of
pentacene FET with ferroelectric gate insulator was studied using the DCM [30]. However, we
could not make clear the polarization reversal process in ferroelectric layer that occurs in the
channel region, though we could discuss the relationship between the polarization reversal and
the related DCM peaks, on the basis of Maxwell-Wagner model analysis [31-33]. For the device
application, it is very important to make clear the polarization reversal propagation and carrier
distribution process in the channel of OFET with ferroelectric gate insulator. There are many
ways to study the carrier behaviors in the OFET channel microscopically. Among them are
microscopic scanning surface potential measurement [34-36], electric field induced optical
second harmonic generation measurement [11,20], PL imaging [37] and others [38-42]. CMS
imaging also provides a way to visualize carrier behavior in FET channel [43-45]. This
technique is capable of probing carriers located in one of molecular energy states, selectively, by
choosing an appropriate probe light wavelength. We therefore can utilize CMS imaging for
selectively probing mobile charges in semiconducting layer and dipole charges in ferroelectric
layer. These results of CMS imaging will be very useful to discuss the relationship between
mobile carriers and ferroelectric property in organic devices. In this study, we used the charge
modulated reflectance (CMR) imaging technique, i.e., CMS imaging with reflection optical
system, and visualized the carrier distribution in the channel region of pentacene FET with
ferroelectric gate insulator. After that, the result of the visualized images is analyzed in terms of

the polarization reversal, using a theoretical model based on the MW effect.



2. Experimental

Figure 1(a) shows the structure of pentacene FETs with a ferroelectric gate insulator layer. The
Al gate electrode was deposited by vacuum evaporation with a thickness of 50 nm on cleaned
glass substrate. As the ferroelectric gate insulator, we used P(VDF-TrFE) [poly(vinylidene
fluoride trifluoroethylene)], one of the most promising organic ferroelectric materials with
relatively large remanent polarization and good thermal stability [4,46,47]. Copolymer
P(VDF-TrFE) with a molar ratio of 70-30 mol% was dissolved into methyl-ethyl-ketone solvent
(concentration: 5 wt%), and it was spin-coated on the glass substrate with gate electrode
(thickness: 200 nm). Subsequently, the spin-coated films were annealed in a dry nitrogen
atmosphere at 120°C for 1 h. After that, a pentacene layer (thickness: 50 nm) and Au
electrodes (thickness: 100 nm) were successively deposited by vacuum evaporation, where the
process pressure and deposition rate were set at <1073 Torr and 1 A/s, respectively. Au was
evaporated through a shadow mask to make top contacts as source and drain electrodes. The
channel length L and width W were 50 um and 2 mm, respectively. The standard electrical
I-V measurement was carried out in dark with two source meters (Keithley 2400) by using the

electrode arrangement displayed in Fig. 1(a).

Charge modulation spectroscopy (CMS) can probe the optical spectrum modulation in response
to the change of the energetic structure, which is induced by carrier injection [48,49],
photoexcitation etc [50]. In our previous study, we showed that charge modulated reflectance
(CMR) imaging technique is available for observing the injected carrier distribution in
pentacene FETs [43]. Figure 1(a) shows the experimental setup used for the CMR imaging;

White light supplied from a white LED with an intensity ~ 10 mW/cm? was passing through



an objective lens, and it was then focused onto the FET channel perpendicularly at an incident
angle of 90°. The spot area was 200 um in diameter. For the CMR imaging experiment, the
reflected light intensity was recorded by using microscope optics with a cooled charge-coupled
device sensor (Andor technology: DU 920P-BV). The relative change in the reflection intensity
(AR /R) was measured, under OFET device operation. For the CMS measurement, the intensity
of reflected signal was detected by a spectrograph over the range of wavelength between 400
nm to 900 nm. Note that in this region pentacene absorption peaks appear as shown in Fig. 1(b),
whereas the P(VDF-TrFE) film exhibits no absorption. In our previous study, we employed
CMS measurement to probe the carrier energetics in ITO/P(VDF-TrFE)/pentacene/Au diodes
[26], and showed that the carrier injection into pentacene layer makes a dominant contribution
to change the energy structure of the pentacene in the wavelength region between 500 nm and
600 nm. Consequently, microscope observation at a fixed wavelength in this region allows us to

visualize the carrier behavior in pentacene layer.

3. Results and Discussion

3-A. I-V characteristics

Figures 2(a) and 2(b) show the current-voltage characteristics ((a) drain current [;; - gate
voltage Vs and (b) gate current I,; — gate voltage V5 ) as a function of V. Figure 2(c)
illustrates charge and polarization distribution that accounts for the current-voltage
characteristics. In Fig. 1(a), the electric circuit used in the measurement is illustrated. The
l45-Vys characteristics of Fig. 2(a) exhibits a typical p-type semiconductor behavior, but with a
hysteresis loop. Fig. 2(b) shows the Ijs-V,s characteristics, and for Vg= 0 it is similar to our
previous result of metal/ ferroelectric/ semiconductor/ metal (MFS) diode [26]; Two peaks

(peaks A and B) appear at nearly symmetric positions of applied gate voltages Vs (V4 =



—16V,Vg = +14V) with respect to V;s =0V, and these peaks originate from the
displacement current due to the spontaneous polarization reversal of the P(VDF-TrFE) layer.
The values of V, and Vp were in good agreement with the coercive voltage of the
P(VDF-TrFE) calculated using the coercive electric field (E, = 0.85 MV/cm) [26, 51]. We
therefore conclude that the hysteresis observed in the drain current-voltage ([lgs-Vjs)
characteristics of Fig. 2(a) is mainly due to the ferroelectric polarization of the P(VDF-TrFE)
gate insulator. In the backward gate bias from Vyg = +40V to —40V, holes can enter into
pentacene layer from source electrode due to the turn-over of internal electric field originated
from ferroelectric polarization, i.e., after polarization reversal at V, = —16 V, resulting in a
steep increase of the drain current for V;, # 0V (Fig. 2(a)). On the other hand, in the forward
gate bias from V3 = —40V to +40V, the drain current gradually decreases owing to the
decrease of holes supplied from the source, and results in suppression of hole propagation along
the channel. Subsequently, after polarization reversal at Vz = +14V, holes are totally
exhausted from the channel, leading to a transition from on-state to off-state of OFETs (see Fig.
2(a)). Interestingly, additional peaks (peaks A’ and B’) appear when Vg # 0V , and the peak
position A’ and B’ shifts in accordance with the drain voltage V. These are our new findings
obtained by using the OFET structure, and possibly they occur due to the gradual shift of
polarization reversal position of ferroelectric layer along the FET channel, in association with
carrier distributions in the channel. However, this is merely a speculation. To further make clear

the details of the peak shift, we need to visualize carrier distribution along the FET channel.

3-B CMR imaging
3-B-1 Vyg =0V

As the first step, we focused on the carrier distribution along the OFET channel at zero drain



bias (V45 = 0V). Figure 3 shows the result of CMR imaging, where an optical filter with a
center wavelength of 580 nm and a band width of 10 nm was used. Noteworthy that the charge
modulation spectrum of pentacene film has a strong peak at a wavelength of 580 nm due to the
HOMO-LUMO excitation, and this peak is ascribed to the change of energy levels induced by
injected carriers occupying the molecular energy levels of pentacene [26]. As that, we may
argue that the image of the relative change in the reflection intensity reflects the charge
distribution along the FET channel. In experiment, CMR was measured at the gate voltage
Vgs = =40V (Fig. 3(a)) and Vs = +40V (Fig. 3(c)), with reference to the reflection image at
Vas = Vys = 0 V. Figure 3(b) and (d) shows the signal modulation along the channel obtained by
taking a line scan of the CMR image for V3 = =40V (Fig. 3(b)) and Vs = +40V (Fig. 3(d)).
Since the light is completely reflected by Au, no modulation signal is detected at source and
drain electrodes. Noteworthy, in the channel region the dark (black) region represents the
increase of absorption (—AR/R > 0) due to charge injection, whereas the bright (white) region
represents the decrease of absorption due to charge depletion (—AR/R < 0) [43]. As the I-V
characteristics of Fig. 2 suggest that the polarization of P(VDF-TrFE) layer is pointing in the
direction from pentacene to P(VDF-TrFE) at V;3 = —40 V, meanwhile from P(VDF-TrFE) to
pentacene at V;; = +40V, we conclude that Figs. 3(a), (b) and (c), (d) display distributions of
holes and electrons, respectively. That is, the results evidently show that holes and electrons are
allowed to be injected into the channel, and that injected holes spread uniformly along the
channel, while the spreading of electrons is confined in the region nearby source and drain
electrodes. In other words, the electrostatic field caused from spontaneous polarization of
P(VDF-TrFE) significantly contributes to hole and electron injection from electrodes into
pentacene layer in the channel region. Noteworthy that many research groups have reported

merely the possibility of electron injection into p-type pentacene FETs [52-54], but our CMR



imaging evidently supports their conclusions. It will be informative to discuss about CMR
images we got in the region of gate voltage Vs < coercive voltage V. At Vs =-40 V shown
in Fig. 3(a), CMR image of the channel region is bright (AR/R > 0), reflecting homogeneous
hole distribution over the entire region of the channel. In the voltage region Vs <V;, CMR
distribution is mostly the same but its intensity changes with increase of Vg, indicating that
holes spread over the channel on satisfying the relation AQgs = C4AV,s (Cy4: gate insulator
capacitance). On the other hand, at Vg = +40 V shown in Fig. 3(c), CMR result showed that
bright modulation signal is confined in the region nearby the source and drain electrode edge. In
the voltage sweep from Vg = +40 V until the voltage corresponding to the turn-over of
spontaneous polarization |Vgs| < |V.|, bright region of CMR image remains nearby source and
drain electrode, and its intensity is getting weak as the gate voltage decreases. This means that
electrons are distributed nearby source and drain electrode edge and the density of distributed
electrons decreases in accordance with the gate voltage sweep from Vy; = +40 V to |I{qs| =

Vel

3-B-2 Vg =—-15V

CMR image was captured to make clear the carrier distribution in the OFET channel under
non-zero drain bias application (V3 = —15V). We here expected that the symmetric CMR
image observed at V;; = 0V will be deformed, possibly due to asymmetric external electric
field distribution and non-uniform turn-over of spontaneous polarization along the channel. The
CMR imaging was carried out in the backward direction by applying gate bias from Vg, =
+40V to =40V (Vg4 = —15V), where the reflection image at Vys = Vg =0V was the
reference image. Figures 4(a)~(d) show the CMR images of the OFET channel at V;; = +40V

(@), Vg =—15V (b), Vg =—=23V (c), Vps =—40V (d), respectively. Note that these



images are changes of the image from the reference image. Figure 4(e) plots the signal
modulation along the channel, which was obtained by a line scan of the CMR image. The dark
region (—AR/R > 0) represents charge injection into the energy states of pentacene, whereas
the bright region (—AR/R < 0) represents charge depletion from the energy states. Figure 4(a)
is CMR image at Vg = +40 V. Dark band region appears near the source and drain electrode
edges, indicating the presence of injected electrons but it is limited to the channel region nearby
source and drain electrodes. This situation is similar to the image of Fig. 3(c), which we got at
Vgs =+40 Vand V4, =0 V. With decreasing voltage Vs from +40 V to -15 V, electrons in the
channel near source and drain electrode edges are depleted. The electrostatic potential across the
gate insulating layer is asymmetric at source and drain electrode due to nonzero drain-source
voltage V;s = -15 V. Consequently, electron density changes as AQ; = C AV, at source
electrode, whereas AQ's = Cg (AV;,S — Vds) at the drain electrode. As shown in Fig. 4(b), at V;
= -15V, electrons near source electrode is mostly depleted, resulting in a bright band of CMR
image near source electrode. In the region nearby and under the source electrode, electric field
is high and carrier injection is smooth. As the result, electrostatic potential across the
ferroelectric layer is the same as the external applied voltage V. Consequently, when the gate
voltage exceeds coercive voltage V. of the ferro-electric layer Vs > V., polarization reversal
occurs. On the other hand, in the central region of the FET channel, carriers are supplied from
the source and drain edge region due to diffusion-drift motion of carriers. As the CMR image
indicated, spontaneous polarization in this region is pointing from pentacene to P(VDF-TrFE)
layer. In other words, negative polarization charge —F; is on the FET channel side of the
ferroelectric layer while positive charge +P; is on the gate electrode side. The electrostatic
field arising from the negative polarization charge in the channel region is repulsive for

electrons migrating from the source electrode to the central region of the FET channel, and
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pushing back electrons from the central region. This idea supports the observed CMR image
indicating that injected electrons are confined near electrode region and not spreading into the
central region of the channel. In further decreasing voltage to Vs =-23 V (Fig. 4(c)), electrons
are depleted on drain electrode side and holes are injected from source electrode, resulting
bright band region near drain electrode edge in the CMR image. At Vg = -40 V, holes spread
over the FET channel region and give dark region in the CMR image, in a manner similar to Fig.
3(a). Noteworthy that the electron distribution at V3 = +40V, Vs = —15V is very similar to
that at Vs = +40V,V;s = 0V (see Fig. 3(d)). Therefore, we may argue that the distribution of
electrons around source electrode changes in the same way as that for V;; = 0V with decrease
in the applied gate voltage V. That is, electrons at the source electrode will leave from the
channel, on satisfying the relation AQ = C3AV, where AV represents the change of voltage
across the P(VDF-TrFE) layer under the source electrode. On the one hand, when the voltage
across the P(VDF-TrFE) layer reaches the coercive voltage at Vg = V,, the polarization
reversal occurs. In this situation, holes will be allowed to accumulate at the source electrode. It
should be noted here that the turn-over of polarization still does not occur under the drain
electrode owing to the applied potential difference of V;; = —15V between source and drain
electrodes. To induce turn-over of the polarization at the drain electrode, obviously we need to
apply Vzs =V, —15V. Actually in the Igs-Vys characteristics of Fig. 2(b), we can see two
peaks at Vy; =V, and V5 = Vy,, where the voltage difference between V, and Vj, is about
15 V (= [Vgl|). Noteworthy that we can discuss the two peak positions in the Ig5-V
characteristics for Vyo =—5V and Vzs =—10V in the same way. From the discussion
above we may argue that decreasing V¢ leads to polarization reversal position shift toward the
drain electrode, starting from the edge of the source electrode. Further we expect that when the

turn-over occurs at the drain electrode, the OFET channel region will be filled with holes
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gradually toward the drain electrode and the conductive carrier path is formed. Indeed, the drain
current Iz, increases in two-step at the voltage corresponding to Vys =V, and Vg,
respectively, and saturates as shown in Fig. 2(a). However, this is merely speculation. We can
see the actual situation of this hole spreading process along the channel by using the CMR
signal modulation plotted in Fig. 4(e). We found that holes spread gradually from the source
electrode to the drain electrode along the channel.

To further clarify the details of above discussion on carrier spreading in terms of polarization
reversal process, we analyzed the results on the basis of transmission line model, basically an
extension of the Maxwell-Wagner effect element analysis [55]. According to this model, when
charge carriers are injected into the OFET channel and channels are filled with carriers,

potential V(x) in steady state is described as

V(X) = (Vgs - Vds) + VdSE (1)

Here, x =0 and x =L correspond to the edges of the drain and source electrodes,
respectively. Vg is the potential difference between the source and drain electrodes. Therefore,
the carrier accumulates along the channel on satisfying the square root dependence on x due to
the potential difference. This situation appears for V;o = —15V as plotted in Fig. 4(e) by a
dashed curve, and experimental result of CMR well accounts for this relation. By the way,
carriers accumulated at the pentacene/P(VDF-TrFE) interface should be given by the sum of the
charge accumulated due to the spontaneous polarization P, of P(VDF-TrFE) and the charge
Cy4V(x) due to the potential built along the channel between source and drain. For our samples,

spontaneous polarization was 10 pC/cm?, while the capacitance Cy4 of P(VDF-TrFE) layer
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was 3.3 x 1078 F/ecm? and the C4V,5 was around 0.50 uC/cm? for Vg = —15V. In other
words, the accumulated charge density is mainly dependent on the turn-over of the spontaneous
polarization. It is interesting here to discuss the position of polarization reversal in terms of
the potential distribution V(x). As V(x) represents the voltage across the P(VDF-TrFE) layer,
it is reasonable to consider that polarization reversal occurs at the point where V(x) is reaching
the coercive voltage of P(VDF-TrFE) layer.

Figure 5 shows calculation (solid line) and CMR results (symbols) of the position of
polarization reversal in the channel. As shown by CMR imaging in Fig. 4, in decreasing V;
from V), holes spread to the center region of the FET channel and its frontier reached at x =
11 pm. Consequently, in the voltage region Vy, < V5 < Vy, polarization reversal position x
shifts from the center region (x = 11 pm) toward the drain electrode edge (x = 0) with
satisfying the relationship of Eq. (1). This calculation coincides well with the results, indicating
that polarization reversal position shifts due to the change of potential distribution along the

channel.

4. Conclusion

By using charge modulated reflectance imaging technique, we studied charge distribution and
polarization reversal process in the pentacene OFET with a P(VDF-TrFE) ferroelectric gate
insulator. The modulated signal represents the charge injection into pentacene layer, and the
signal from the channel well traces the carrier distribution. Results showed that both holes and
electrons can enter into pentacene layer. Injected holes distribute over the entire channel region,
on the other hand, electrons are confined in the region nearby source and drain electrodes. This
is caused by the difference of electrostatic field induced from the spontaneous polarization of

P(VDEF-TrFE). In the OFET structure, polarization reversal of P(VDF-TrFE) layer occurs in the

13



OFET channel, but the reversal position shifts along the channel from the source to the drain,
followed by the accumulation of holes that are injected from the source electrode. CMR
imaging results clarified that carrier spreading and polarization reversal process in OFET with

ferroelectric gate insulator can be explained based on the MW effect.
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Figure captions

Figure 1: (a) Device structure of pentacene FET with a ferroelectric gate insulator
(P(VDF-TrFE)) and experimental setup for CMR imaging measurement. (b) Absorption

spectrum of a pentacene film (200 nm) and a P(VDF-TrFE) film (200 nm).

Figure 2: (a) The drain current-gate voltage (I45-Vys) characteristics and (b) gate current-gate
voltage (I4s-Vys) characteristics of FET with varied Vys as a parameter. The channel length L
and width W of FET is 50 pum and 2 mm, respectively. (c) Electron and hole distribution and

polarization distribution in the I-V measurement at Vo =-15V.

Figure 3: (a) Modulated reflectance (AR/R) image from the FET channel and (b) reflectance
change along the channel length direction at V3 =—40V (V4 =0V). (c) Modulated

reflectance (AR/R) image from the FET channel and (d) reflectance change along the channel

length direction at Vj3 = +40V (Vg = 0V).

Figure 4: Modulated reflectance (AR/R) image from the FET channel at Vj; = +40 V(a),
Vgs = =15V (b), Vg = =23V (¢), Vs = —40V (d) (V45 =—15V) and signal modulation
along the channel obtained by taking a line scan of the CMR image (e). Dashed curve represents

the potential distribution for V;; = —40V obtained from Eq. (1).

Figure 5: The position of polarization reversal in the channel. The solid line depicts the

calculation based on Eq. (1) and the symbols represent experimental results from CMR imaging.
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