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ABSTRACT Highly stable, reproducible, photosensitive organic field-effect transistors based on an n-type organic material, copper
hexadecafluorophthalocyanine, and two different polymeric gate dielectrics has been reported and their performances have been
compared by evaluating the surface/interface properties. The devices produced a maximum photocurrent gain (fighe//gark) 0f 79 at Vg
= 7 V and showed the potentiality as multifunctional optoelectronic switching applications depending upon the external pulses. The
switching time of the transistor upon irradiation of light pulse, i.e., the photoswitching time of the device, was measured to be ~10
ms. On the basis of optical or combination of optical and electrical pulses, the electronic/optoelectronic properties of the device can
be tuned efficiently. The multifunctions achieved by the single device can ensure very promising material for high density RAM and
other optoelectronic applications. Furthermore, as the device geometry in the present work is not limited to rigid substrate only, it
will lead to the development of flexible organic optoelectronic switch compatible with plastic substrates.
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INTRODUCTION
ptoelectronic devices based on organic semicon-

ductors have been greatly developed in past decade

and are of current research interest (1—4). Com-
pared to their inorganic counterpart, these organic semi-
conductors offer many fundamental advantages which in-
clude low cost, lightweight, large area coverage, relatively
easy molecular property engineering and mechanical flex-
ibility compatible with plastic substrates. A variety of opto-
electronic devices have been fabricated in the past few years,
which showed great promise for future applications in
information storage and media.

Organic materials have been successfully utilized for the
fabrication of high mobility organic field-effect transistors
(OFET) (5), high efficiency (exceeding 4 %) organic solar cells
(6—8), organic/polymer light-emitting diodes (9, 10), and
light-emitting OFET with ambipolar transport properties
(11, 12). Organic phototransistors (OPT), a new addition to
the family of OFETs, has been the recent research interest
(13—20). It is a three-terminal optoelectronic device where
light can play the role as one of the external electrodes, just
as gate electrode in a typical OFET for the generation of
photocarriers, in addition to those induced by the gate bias.
The other advantages of OPT device include good response
time with high current gain (14—17), cheap fabrication
method, low processing temperatures, and 3D stacking.
Additionally, using the OPT device a high-speed photocon-
trolled memory device can be realized from efficient trans-
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port of charge carriers, which can be achieved through the
effective control of the gate bias amplitude and the external
light intensity (15, 18, 19).

Because OPT have higher sensitivity and lower noise level
than photodiodes, the phototransistors can be efficiently
used for light detection and signal maghnification in a single
device, which is an important optoelectronic integration.

It is quite reasonable to assume that for maximum
absorption of incident light and for photoexcitation of the
OPT, the rigid and planar device structure should be ideal,
which also resulted in large internal conversion quantum
yields and high photocurrent densities (21, 22). In the
present study, the well-known n-type semiconductor, copper
hexadecafluorophthalocyanine (F;,CuPc), has been used as
the active semiconductor for OPT because of its air-stability
and good electron-transport properties (23—27). Two dif-
ferent types of polymers, cross-linked poly(4-vinylphenol)
(CL-PVP) and poly(4-phenoxy methylstyrene) (P4PMS), have
been employed as gate dielectric in order to investigate the
effect of surface properties on the performance of OPTs. The
mostly used inorganic dielectric, SiO», is believed to be very
detrimental to n-type devices, because the presence of —OH
groups can prevent the accumulation of electrons near the
interface. Also, SiO; is not suitable for realizing transparent
and flexible devices. In this communication, we have fab-
ricated and analyzed the F;,CuPc OPTs with CL-PVP or
P4PMS as gate dielectric, and their performances have been
compared with each other.

In our earlier communication (26), the F;(CuPc OPT
based on P4PMS gate dielectric has been simply reported
by investigating its photoresponse behavior including switch-
ing speed and photosensitivity without discussing the effect
of surface property of P4PMS. Here, we aim to compare the
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FIGURE 1. (a) Schematic structure of OPT device and the chemical structures of (b) F;,CuPc, (c) P4PMS, and (d) CL-PVP gate dielectric.

characteristics of F;,CuPc OPT based on CL-PVP or P4PMS
by examining the interface/surface properties of different
gate dielectrics. Though the performance of OPTs (in terms
of photoswitching speed and photoresponsivity) looked
identical with both types of dielectrics, P4PMS is a better
choice as the gate dielectric material as far as mobility,
stability, and persistent current is concerned. In addition,
we have shown that by suitably integrating the gate bias
magnitude and/or incident optical power, it is possible to
achieve various types of optical/optoelectronic switches. The
optical/optoelectronic control over the electronic perfor-
mances of the device by suitable choice of input parameters
and the multifunctional optoelectronic application, in par-
ticular, the multibit optical data recording can be reproduced
without any further device complexity and ensured the
potential for high density optical random access memory
(RAM) and other applications.

EXPERIMENTAL SECTION

The schematic structure of OPT device in this study is shown
in Figure 1a. The OPTs were fabricated on cleaned indium tin
oxide (ITO)-coated glass substrates which acted as a gate
electrode. The active organic semiconductor (F;,CuPc) as shown
in Figure 1b, was purchased from Aldrich Chemical and were
used as received. Two different polymer gate dielectrics have
been used in this study, namely, cross-linked poly(4-vinyl
phenol) (CL-PVP) and poly(4-phenoxy methyl styrene) (P4PMS)
as shown in panels ¢ and d in Figure 1, respectively. The CL-
PVP precursor solution was prepared by mixing poly(4-vi-
nylphenol) (PVP) (M,, = 20 000 g/mol) (10 wt %) with a cross-
linking agent, poly(melamine-co-formaldehyde) (M, = 511
g/mol) (5 wt %) and butanol (85 wt %) with overnight stirring.
P4PMS has been synthesized in-house by the reaction of poly(4-
vinylbenzylchloride) and phenol with an aid of K,COs catalyst
in acetone with stirring for 48 h at 80 °C. The reaction mixture
was precipitated in the solution of methanol and water and
dried for 2 days prior to use. Toluene solution of P4PMS (10 wt
%) was spun-cast on the cleaned ITO substrates to get the
insulating layer over gate electrode. The spun-cast films were
soft baked at 60 °C for 10 min in hot plate and further (hard)
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baked at 200 °C/125 °C (CL-PVP/P4PMS) in vacuum oven for
1 h. On top of the dielectrics, organic semiconductor (F;sCuPc)
was deposited (50 nm) through a thermal vacuum deposition
method at a rate of 0.2 A/s and at a base pressure of 5 x 107°
Torr. Finally, gold (Au) was thermally evaporated on top of the
active layer to make the top contact source-drain electrode (40
nm) under a high vacuum (5 x 107° Torr) at a rate of 0.3 A/s. A
shadow mask, used during the Au deposition, defined the
channel length (L) and channel width (W) as 50 and 1000 um,
respectively. Electrical characterization of the devices were
performed at room temperature and under ambient condition
using a HP semiconductor parameter analyzer (HP 4145B). For
the characterizations of the devices under illumination, a com-
mon incandescent lamp (white light) was employed as a light
source and the light was illuminated from the top side of the
device. The thickness of the gate dielectrics were measured
using a surface profiler (AMBIOS XP-100). UV—visible absorp-
tion spectrum of F;,CuPc in solution was recorded with a CARY
100 (Varian) UV—visible spectrometer.

RESULTS AND DISCUSSION
The output (Ips — Vps) characteristics of the OPT based

on CL-PVP gate dielectric in dark and under illumination are
depicted in Figure 2a. Only characteristics for Vg = 0, 20,
and 40 V are shown for clarity. The figure shows typical
n-type characteristics with dominant electron transport.
With the increase in gate bias (Vg), more charge carriers are
accumulated in the interface between F,,CuPc/CL-PVP near
the channel region resulting in increase of the drain current
(Ins). Remarkably, after illumination of light in the channel
region, Ips increased to a value which is much higher
compared to the Ips value under the same Vs in dark
condition. Also, the characteristics under the illumination
condition retain the same nature as in the dark state. A
similar change in output characteristics upon illumination
of optical excitation have also been observed in OPT based
on P4PMS gate dielectric (26).

Figure 2b illustrates the transfer (Ips — V) characteristics
of the OPT with CL-PVP both in dark and under illumination
(5.98 mW/cm?). The figure clearly displays the enhancement
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FIGURE 2. Photoresponsive behavior of F,CuPc OPT with CL-PVP
having L = 50 um and W = 1000 um. (a) Typical output character-
istics of the OFET measured in dark and under white light illumina-
tion (5.98 mW/cm?) are shown. Only three gate voltages (Vs = 0,
20, 40 V) are shown for clarity. (b) Transfer characteristics of OFET
before and under the illumination. Drain voltage was kept constant
at Vps =30 V.
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of Ips upon irradiation of light. The ratio between the dark
and photo current, lgn/lqarx at a gate bias of Vg = 7 V was
measured to be 79. This suggests that the device can be
controlled according to the light illumination and the gate
bias. The photoresponsivity of the OPT, the typical figure of
merit for a phototransistor, at Vg = 7 V and at an optical
power of 5.98 mW/cm? was found to be 1.4 mA/W. In our
earlier work, we have observed almost similar photorespon-
sivity (~1.5 mA/W) for the OPT based on P4PMS gate
dielectric (26). The transfer characteristics of the OPTs in
forward and reverse sweep of gate bias, measured both in
dark and under illumination, exhibited no hysteresis behav-
ior. The charge carrier mobility () and the threshold voltage
(V) of the OPT fabricated in this study were estimated to
be ~5.32 x 107*cm? V! s7! and 4.6 V (F,;,CuPc OPT with
P4PMS) and 1.05 x 1074 cm? V! s7! and 9.05 V (F,,CuPc
OPT with CL-PVP), respectively. This difference in the mobil-
ity can be attributed to the morphological differences in the
FisCuPc layer caused by different interfacial interactions
with the gate dielectrics. It has been found from the tapping
mode Atomic Force Microscopic (AFM) image that an aver-
age grain size of F ,CuPc is larger on P4PMS (31.25 nm) than
that on CL-PVP surface (21.48 nm). The more hydrophobic
P4PMS surface (discussed in the next section) may help
forming active layer of Fi,CuPc with high structural organi-
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FIGURE 3. Schematic energy level diagram of the OPT under
different conditions. (a) No bias (Vps = 0 V, Vg = 0 V) (b) positive
bias (Vps > 0 V, Vg > 0 V) and (c) positive bias (Vps >0V, V5> 0 V)
with the illumination of light. Energy levels indicated in the figure
are not in the scale.

zation and hence larger crystalline size leading to higher
carrier mobility (27).

As the characteristics of phototransistor is solely con-
trolled by the number of photogenerated charge carriers, the
device efficiency is strongly dependent on the amount and
wavelength of the light absorbed by the material. The
maximum UV—visible absorption peak of F;sCuPc in N-
methyl pyrrolidone (NMP) solution is observed in the visible
region around 675 nm (26). The bandgap of the material,
calculated from the long wavelength edge of the spectrum,
was found to be 1.6 eV, which agrees well with the reported
value (28). These imply that upon illumination of light,
molecules are easily excited and additional mobile charge
carriers (photocarriers) are generated viz. holes in the highest
occupied molecular orbital (HOMO) and electrons in the
lowest unoccupied molecular orbital (LUMO) levels, leading
to increase in bulk conduction in the active layer. The
photoinduced holes may be immediately trapped in the bulk
and interface regions and electron transport is dominated.

The performance of the OPT in dark and under illumina-
tion can simply be understood by the energy level diagram
depicted in Figure 3. Three different conditions have been
illustrated in Figure 3; in a, no bias is applied (Vps = 0 V and
Ve =0V), inb, positive bias is applied (Vps >0 V and V5> 0
V), and in ¢, positive bias (Vps >0 V and Vg >0 V) is applied
with the illumination of light. When positive Vps is applied
(condition b), electrons from the source electrode will be
injected to the lowest unoccupied molecular orbital (LUMO)
of FisCuPc, leading to the current flow through the device.
Furthermore, if light with a photon energy equal to or higher
than the band gap energy of FisCuPc is illuminated on the
OPT (condition ¢), in addition to the injected electrons from
the electrode, a number of excitons, subsequently electrons
and holes, are generated. The electrons from highest oc-
cupied molecular orbital (HOMO) of the molecules will be
excited to the LUMO of F;,CuPc resulting in increase in
carrier concentration and hence increase in Ips value. As long
as the light is turned on, these additional photogenerated
carriers contributed to the conductivity. When the light was
turned off, the device regains the dark conductivity. This
further indicates that light can play a role as an additional
terminal that optically controls device operation along with
the conventional three terminals: source, drain, and gate
electrodes.

Figure 4 shows the photoswitching performance of the
OPT with CL-PVP as the gate dielectric for different gate
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FIGURE 4. Dynamic photoresponse behavior of F;,CuPc OPT with
CL-PVP as gate dielectric illuminated by white light with optical
power of 5.66 mW/cm?. The pulsed light cycles were radiated for
10 s. Photocurrent was measured with time for (a) different Vg with
fixed Vps = 30 V and (b) for different Vps with fixed Vg = 10 V. (c)
Endurance and stability test of the OPT at fixed Vps = 30 V and Vg
= 10 V with optical power of 5.66 mW/cm?.

voltages. By switching the light on/off, the OPT was capable
of switching on/off reversibly with very fast response time
demonstrating a two bit storage (“0” or “1”) in the OPT. To
monitor the photocurrent of the devices in real time, as
shown in Figure 4, we measure the drain current as a
function of time while it was held at different gate and drain
voltages by switching on/off light. Time responses of the OPT
have been measured under constant Vps = 30 V and Vs was
held constant at 0, 10, 20 V (Figure 4a). In the measurement,
light (optical power 5.66 mW/cm?) was turned on for 10 s
and off for 20 s. Each photoresponse cycle consists of three
transient regimes—a sharp rise, steady state, and sharp
decay.

Here, we have observed a little persistent (remnant)
conductivity in the measured photocurrent of the OPT with
CL-PVP gate dielectric. However, this behavior is not un-
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usual, and common in OPT based on CL-PVP as reported
by other groups (29, 30). The increase in Ips with time may
be attributed to the absorption of water molecules in the
surface of CL-PVP dielectric which enhances the surface
polarization, and hence the accumulation of extra charges
within the interface between the CL-PVP and F,¢,CuPc in-
creases the current with time. This slow and gradual increase
in current with time, i.e., the persistent conductivity, how-
ever, could be reduced by decreasing the magnitude of V.
The OPT with P4PMS gate dielectric, on the other hand,
exhibit almost no persistent conductivity (26). This may be
due to different surface properties of P4PMS from that of
CL-PVP. The water contact angles on the surface of P4APMS
and CL-PVP were measured to be around 102 and 70°,
respectively, indicating that P4PMS is much more hydro-
phobic than CL-PVP (27). This means that the phenoxy
methyl (—CH,OC¢Hs) group introduced at position 4 makes
the surface of P4APMS more hydrophobic and prohibits the
absorption of water to the dielectric leading to the dramati-
cally reduced persistent conductivity. Furthermore, P4APMS
does not have any —OH groups that might act as a charge
(electron) trapping site, causing device performance degra-
dation when it is operated under ambient conditions for long
time (30). We, therefore, conclude that in view of the
persistent current and stability of the OPT, P4PMS could be
a better choice for gate dielectric material as compared to
CL-PVP. The fast response time in the current OPT makes it
suitable for high speed switching and storage device.

To investigate the effect of drain voltage on the photo-
conductivity of the OPT, we have measured the drain current
with time for various values of constant drain bias (Vps =
15,30, 45 V) keeping gate bias fixed (Vg = 10 V) throughout
the whole measurement. The results are shown in Figure 4b.
Here the light is switched on for 10 s and off for 20 s. Upon
irradiation of light (5.66 mW/cm?), a large increase in the
Ins is observed, which further increased with an increase in
the magnitude of Vps. However, once Vps reached the
saturation value (beyond 30 V) further increase in Vpg values
produces only small changes in the photocurrent. This might
be due to the constant number of photocarriers generated
at a particular optical power input. After a certain Vps when
all the photocarriers became transported, the photocurrent
becomes saturated. Upon turning off the light source, Ips
immediately reached the dark current value, thus eliminat-
ing the need of any further gate bias to reduce Ips of any
intermediate state (often observed after immediate switch-
ing off light) to the initial dark value (15). The devices also
exhibited high reproducibility and retention ability. After
several tens of cycles, no degradation was observed. Figure
4c shows a representative result for the stability and reten-
tion ability of the OPT. It can be seen from the figure that
even after more than 45 min of irradiation of light pulses,
the device performance is very steady and stable and did
not show any sign of degradation. The measured photocur-
rent, after initial increase, soon settles down to a saturated
value.
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FIGURE 5. Multilevel photoconductance by optical writing with different intensity of light pulses. (a, c) Results for OPT with P4PMS, (b, d)
results for OPT with CL-PVP. The fixed bias applied in the two OPTs are Vps = 40 V and Vg = 20 V for OPT with P4PMS and Vps = 30 V and Vg
= 20V for OPT with CL-PVP. Light was turned on for 10 s in each of the photoinduced level and then turned off for 10 s before changing to
the next intensity level (a and b only). In ¢ and d, the light was kept on (10 s) before changing to next higher intensity level. Here, I, I,, and
I5 correspond respectively to 4.13, 5.5, and 5.98 mW/cm?. Arrows indicate the time of turning on/off the light pulse.

As the performances of phototransistors are based on
photogenerated carriers, the efficiency of the devices is
associated to the amount of light absorbed by the active
materials. Furthermore, the device efficiency also depends
on exciton dissociation into free carriers (electrons and
holes), their diffusion and transportation to respective elec-
trodes. Because the density of photogenerated carriers
depend on the intensity of the incident light, it is possible to
control the photo conductance of the OPT by suitably
controlling the incident illumination. To realize the multilevel
photo conductance state or multibit data recording in our
OPTs, we have adopted optical/optoelectronic “writing” and
electronic “reading” process. In addition to the optoelec-
tronic integration of two key parameters, the nonidentical
nature of pump- and probe techniques is further advanta-
geous in the sense that it reduces the possibility of perturba-
tion of the probing method to the written bits. In the first
method, “writing” of data is achieved by optical pulse only,
where we have changed only the illumination intensity
(power) of the input light pulse for creating different con-
ductivity (data) level, keeping both Vps and V; at fixed values.
Between two consecutive optical pulses of different intensity,
we have either turned the light off or kept it on, demonstrat-
ing yet another way to achieve a multilevel photoconduc-
tance state. The results have been summed up in Figure 5,
where we have presented the results for both OPT with
P4PMS (a and c) and CL-PVP (b and d). A clear difference
between the photoinduced levels can be observed, where
the light pulse was turned on/off for 10 s. When the light was
turned off between two consecutive pulses, the devices
immediately regain the dark conductivity (Figure 5a) dem-
onstrating fast response speed of the devices. Here also, in
the devices based on CL-PVP (Figure 5b), a persistent
conductivity was observed. However, in P4PMS-based de-
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vice (Figure 5a), the current levels are steady and stable and
no persistent conductivity has been noticed. Because the
photomemory as demonstrated above always requires the
refreshing pulses, that is, the memory is retained as long as
the pulse is on, this type of memory can be termed as volatile
memory.

In panels ¢ and d in Figure 5, we have shown that a
number of different conducting levels (levels 1—4) can also
be created in both OPT by sequential increment of the
illumination intensity (without turning off the light between
two photoinduced levels) with constant Vps and Vg. For OPT
with P4PMS, fixed voltages were Vps = 20 V, Vg = 40 V
(Figure 5¢), whereas in CL-PVP based device, Vps and Vg
were kept constant at 20 and 30 V, respectively (Figure 5d).
The cycles can be repeated reproducibly and reversibly
without any noticeable degradation in the device perfor-
mance. Here, with increase in intensity of the “write”
(optical) pulse, the density of photogenerated carriers in-
creased and resulted in different levels of conductivity in the
devices. Since the illumination intensity for a particular data
level is fixed, the number of photogenerated carriers for that
level are also constant resulting in almost constant current.
The results hence show that different high conductivity levels
can be introduced optically by applying “write” pulses of
different illumination intensity and the states can be “read”
electronically for multifunctional optoelectronic switching
applications.

In the second method, we have used a light-assisted pulse
voltage program, keeping the intensity of illumination fixed
and varied V; with a fixed Vps value. We have shown that a
state could be written with an electrical/optical pulse and
read with an electrical pulse by measuring the current of the
written state. The results for OPT with P4PMS (Figure 6a)
and CL-PVP (Figure 6b) indicate that different conducting
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FIGURE 6. Demonstration of multibit data recording by optoelec-
tronic integration. Results for OPTs with dielectric layer of (a) P4PMS
and (b) CL-PVP at fixed Vps = 40 V. Different V; values applied in
different steps are indicated in the figure. Turning light on/off is
indicated by arrows. Three cycles are shown in both panels.

levels can be induced by suitable integration of the light
pulses and the gate bias. Vps value (40 V) and the illumination
intensity (5.98 mw/cm?) was kept fixed throughout the
measurement, whereas the Vg value was changed to induce
different conducting levels. The figure also indicates that
many more conducting levels can be created by optimizing
the operating conditions, which will effectively enhance the
operational flexibility of the optoelectronic switch. The
results, in turn, indicated that the device can efficiently be
used as a volatile memory element, which may be useful
for most forms of modern random access memory including
dynamic random access memory (DRAM) and static random
access memory (SRAM).

In an attempt to measure the photoresponse speed of the
OPT, we have varied the duration of the optical pulse, with
Vps and Vg values both kept fixed at a particular value. In
the measurement for OPT with CL-PVP, we have chosen Vpg
=40 V and V; = 20 V, and the voltages were kept fixed
throughout the experiment. The optical pulse width, i.e., the
time during which the light was turned on, was changed with
a mechanical shutter. The results are summarized in Figure
7. It can be seen from the figure that as soon as the light
was turned on, the current sharply increased to a high value
and remained constant until the optical power is on. The
maximum current level is, however, the same for all the
measured pulse widths. We have reduced the optical
pulse width as small as 0.29 s, but did not find any changes
in the current values. To clearly visualize the rise and decay
of photocurrent, we have plotted the results for shortest
pulse duration (0.29 s) with time scale in the top axis. The
results indicate that the photoresponse speed of the current
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FIGURE 7. Transient behavior of drain current (Ips) of OPT with CL-
PVP upon illumination of optical power of different time duration.
Optical pulses (5.66 mW/cm?) were turned on for 0.29, 9.2, and
41.2 s with fixed Vg = 20 V and Vps = 40 V. Time scale for 0.29 s
pulse duration has been shown in top axis for clarity.

OPT is well below 1 s. In particular, the photoresponse speed
of the OPT is found to be less than 10 ms, which we could
not accurately measure due to the instrumental limitations.
Nevertheless, this speed is sufficient for the current opto-
electronic applications and has enough scope to improve the
switching speed of the device. The decay of the photo
current upon termination of light is a rather slow process,
which we ascribe to the slow nature of recombination of
charge carriers, which is limited by the poor recombination
cross-section of the trapped holes within the depletion region
in presence of the field (15). The decay time of the OPT
device is measured to be ~30 ms. Similar values for the
photoswitching speed and decay time have been observed
for OPT with P4PMS gate dielectric layer (26).

CONCLUSIONS
In conclusion, high photosensitive, multifunctional OPTs

were fabricated using two different dielectrics and the
performances have been compared. The photoresponsivity
and the photoswitching speed of the OPT has been found
to be similar with two dielectric materials, but in view of the
mobility, persistent current and stability of the OPT, P4PMS
has been found to be the better choice for gate dielectric
material as compared to CL-PVP. The dependence of the
photocurrent on the illumination intensity or on the gate/
drain voltages showed that efficient photocarriers could be
generated and a large photocurrent gain could be obtained
in the current OPTs upon suitable combination of these input
parameters. The switching speed of the phototransistor is
measured to be well below 10 ms and have a photosensitiv-
ity of ~1.5 mA/W. The devices exhibited excellent stability
and reproducibility with retention time for more than 45
min. The multifunctions such as photodetection, photo-
switching, multilevel data recording, and signal amplification
achieved by the single device can ensure very promising
material for future optoelectronic applications. Furthermore,
the current OPT device, after further investigation and
optimization, can potentially be applied for high-density
optoelectronic memory devices.
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