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The authors report on the photo-response characteristics of flexible sensor-transistor
circuits (ST-circuits) made with (poly(3-hexylethiophenelphenyl-Cqq-butryic acid methyl
ester) (FIHT/PCBM) bulk heterojunction polymer and pentacene-based organic field-
effecttransistors, which are stacked via poly(dimethylsiloxane) (FDMS) on the plastic
substrate. The results indicate thatthe anode-source current is variable because of both
the charge separation of the photogenerated excitons and the accumulated charges at
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The authors report on the photo-response characteristics of flexible sensor-transistor circuits
(ST-circuits) made with (poly(3-hexylethiophene)/phenyl-Cg;-butryic acid methyl ester) (P3HT/
PCBM) bulk heterojunction polymer and pentacene-based organic field-effect transistors, which are
stacked via poly(dimethylsiloxane) (PDMS) on the plastic substrate. The results indicate that the
anode-source current is variable because of both the charge separation of the photogenerated
excitons and the accumulated charges at the OFET channel layer. The light dependent photo
response (AI/I,) is modulated from 0.47 to 1.9 by the gate-source voltage at the fixed anode-source
voltage of the ST-circuits. © 2010 American Institute of Physics. [doi:10.1063/1.3530448]

The industrial demand for the flexible, low-cost, light-
weight, low-temperature fabrication of electronics has led to
much progress in organic electronics, such as organic light-
emitting diodes (OLEDs) and radio-frequency identification
cards, because the organic materials can be fabricated on a
flexible substrate."” In addition, integrated organic sensors
using organic field-effect transistors (OFETs) to detect
chemical analytes,3’4 pressures,‘:”6 temperatures,7 and light8
have a great potential to increase their performance or to
include various functions for display and sensor applications.
Therefore, integrated organic optoelectronics using OFETSs
are an alternative candidate for flexible sensor s.ys.tems9 com-
pared to devices based on inorganic materials."”"" However,
the integration of organic photosensor (OPS) and organic
driving circuits, such as an active matrix backplane on the
same plane, can cause an unstable performance when they
are exposed to light because the active layer of an OFET is
also sensitive to the incident 1ight.12 Moreover, the integra-
tion of organic devices requires a passivation process using
insulators, such as a thick polymer, in order to prevent unex-
pected dissolution damage caused by organic solvents.'*!*
To address this, vertically isolated layers in the stacked con-
figuration of the devices, especially for the organic optical
devices made using different materials, create solvent and
light-barriers at the same time for large integration.

In this paper, we use a soft elastomer that serves simul-
taneously as a scratch protector and for compatibility com-
pensation for the plastic substrate. This device configuration
enables vertical stacking. Figure 1(a) shows the materials
and device structure of the OPS/OFET. The aluminum cath-
ode of the OPS is used as a light-barrier to prevent photoac-
tivation of the pentacene layer from incident light. And, the
variable photoresponse is possible by both the reduced dark
current from conductive element of OPS [shown in Fig. 1(b)]
through the series resistance of OFET at a fixed voltage and
the variable resistance of it. Therefore, this device has advan-
tages to demonstrate not only the flexible integrated opto-

9 Author to whom correspondence should be addressed. Tel.: +82-2-3290-
3237. FAX: +82-2-921-1325. Electronic mail: bkju@Xkorea.ac.kr.
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electronics but also the controllable photodetecting systems.

We used [poly(3-hexylethiophene)/phenyl-C61-butryic
acid methyl ester] (P3HT/PCBM) (purchased from Nano-C,
Westwood, MA) that is based on the composites of an
electron-donating conjugated polymer and an electron-
accepting fullerene.'>!'® The OPS is processed on indium tin
oxide (ITO) patterned (by photolithography) 125 wm thin
polyetherthylenenaphthalate (PEN) substrates. The sheet re-
sistance is 20 ()/sq; the film thickness is 150 nm. The
(Poly(3,4-ethylenedioxythiophene)  poly(styrenesulfonate))
(PEDOT:PSS) (Bayer, Leverkusen, Germany) layer was de-
posited by spin-coating at 2500 rpm and annealed at 120 °C
for 10 min. The P3HT:PCBM (1: 0.8) solution in chloroben-
zene at 22 mg/ml was prepared. The 90 nm of aluminum was
deposited by thermal evaporation. Then, it is annealed at
150 °C for 10 min. In order to integrate the OPS device and
OFET onto the same substrate, about 1 mm of poly(dimeth-
ylsiloxane) (PDMS) [Dow Corning, Sylgard 184 (Seoul)]
was prepared. The etching process was omitted because the
contact pads are made by the patterned membrane. For the
OFET fabrication, a 140 nm thick Au was evaporated onto
the PDMS. The chemical compatibility of the PDMS to the
organic materials and its adhesion to Au as a functional in-
terlayer have been proved in an earlier report.17 The 750 nm
thick poly-4-vinyphenol was spin coated and annealed at
200 °C for 10 min. In spite of the low PEN glass tempera-

(a) (b) Source

Source

Drain PDMS Gat
ate
pentacene $ v ’_4
-OFET Gate
OPS P3HT:PCBM / nght¢ r
PEDOT : PSS
PEN
W Anode
Light

FIG. 1. (Color online) (a) The schematic illustration of the vertically stacked
sensor-transistor circuit. (b) The equivalent circuit diagram of the fabricated
devices. The resistive element of the OPS is connected in parallel.
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FIG. 2. (Color online) (a) The transfer curves of the sensor-transistor cir-
cuits under no illumination in air. (b) The current density-voltage (J-V)
characteristics of the organic photosensor devices. The inset is the curve of
the measured EQE of the separated organic photosensor devices.

ture, we can align each layer using optical microscopy. The
70 nm pentacene layer was evaporated using a thermal
evaporation system (DOV Co., Ltd., Seoul) at room tempera-
ture. The 100 nm thick Au source and drain electrodes (W/L:
500/100 wm) were evaporated in the same chamber. Fi-
nally, the two devices were integrated onto the same sub-
strate. The OPSs have active areas of 9 mm?. The electrical
characteristics were measured using a Keithley model 2400
and a semiconductor parameter analyzer (Keithley 4200
SCS). The class-A sola simulator with a 150 W xenon lamp
[Newport (California)] adjusted using a NREL-calibrated
mono-Si solar cell, with a KG-2 filter, for an approximately
AM 1.5 GI1 sun light intensity is used. The external quantum
efficiency (EQE) was measured using incident photo-to-
current conversion equipment [PV Measurements Inc. (Colo-
rado)]. The calibration was performed using a silicon photo-
diode G425, which is NIST-calibrated as a standard.

In Fig. 2(a), the integrated device is turned on by apply-
ing a negative Vgg. We note that the anode to source voltage
is Vas=Vops+ Vpg of the OFET, which is the aim of this
investigation into the interlocking characteristics of the inte-
grated OPS and OFET. The field-effect mobility of the OPS
connected to the OFET is calculated to be 0.24 cm?/V s by
using I,s=(WC;/2L) ueu(Vgs— Vin)* Where I, is the anode-
source current, C; is the capacitance per unit area, V, is the
threshold voltage, and Vg is the gate to source voltage. The
calculated current on/off ratio was 8190 at V,g=—20 V. The
threshold voltage of —6.5 V was defined by the extrapolation
of the Iog versus Vg curve. In Fig. 2(b), the current-voltage
(I-V) characteristics of the fabricated OPS under an illumi-
nation in air show that the trend of the light intensity is
coincident with the current density of the OPS devices. Al-
though the performance of our device is lower than previ-
ously reported ones,"™"? this device shows a sufficient per-
formance to transfer the photocurrent to the pentacene-based
OFET. The inset of Fig. 2(b) shows the EQE spectra for the
OPS separated from the OFET. The EQE maximum is about
50% at the wavelength of 550 nm.

The experimental data for the analysis in terms of Vg
dependence are presented in Fig. 3. The I, of the sensing
ST-circuit is measured on the basis of a fixed voltage, that is,
a fixed Vg (—0.3 V) and a Vg from —5 to —30 V. The
light exposure is triggered to start with each gate reverse bias
step and lasts about 10 s. The I, increases according to the
increased light intensity when the reverse gate bias increases.
We found that the dark current of the separated OPS, —0.5
mA at —0.3 V [shown in Fig. 2(b)], is reduced to —17 nA at
Vgs=—5 V. This result originates from the fact that the low-
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FIG. 3. (Color online) The change in the I5g as a function of time when the
sensor-transistor is exposed to cycles of exposure to light intensities ranging
from 50 to 500 mW/cm? in air. The given V g is —0.3 V. The inset shows
the change in the Igg at the same time when the response current is
measured.

ered voltage distribution to OPS induced decreased dark cur-
rent because the series resistance of the OPS is only about
600 ) as compared with the calculated total series resis-
tance, which is varied from 17.6 to 1.42 MQ at fixed Vg
=-0.3 V.

On the other hand, the transient time to steady-state is
shortened as the gate reverse bias is increased. We believe
that it is attributed to the swift movement of the mobile hole
carriers by the increased electric field at the channel layer so
that the degree of accumulation and stabilization quickly
reaches its saturation point according to the gate-voltage de-
pendent carrier mobility = (L/WVsCi)(dlas/ IV gg) in
the linear regime.zo This is matched to the slope of the Ig
versus time, which is dependent on Vgg. In addition, the
simultaneously measured Ig is sufficiently low with appre-
ciable variations occurring only in the overshooting phase
because the order of the I5g value is negligible in comparison
to the order of the on current value. (Fig. 3, inset) So, we
conclude that the pentacene layer in the fabricated device is
not activated by the light exposure, and the electrical sensing
operation of the ST-circuits is largely dependent on the light
intensity.

In Fig. 4, the response current Al=1,,~Igy is plotted
against the irradiated light intensity for each Vgg. The calcu-
lated photoresponse P=(Ipot0—Igarc) /Taark from Figs. 3 and 4
changed from 0.47 to 1.9. The photoresponse increases as the
Vs increased while the photoinduced current from the OPS
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FIG. 4. (Color online) The response characteristics for the sensor-transistor
circuit dependent on the Vgg vs different light intensities at a fixed
Vas=—0.3 V.
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is constant. It means that the current variation in the output
current of the ST-circuit is modulated by the gate-voltage
dependent channel resistance of the OFET, when the Vg is
fixed. But, the response range of R=AI, /Al in=Tmax
—Tgar)/ (Ipin—Tgar) for each Vg condition from —5 to —30
V shows 2.96, 3.33, 3.68, and 3.35, respectively, where I,
is the on state current at 500 mW/cm?, I, is the dark cur-
rent, and I,;, is the on state current at 50 mW/cm?. The
decreased response range at Vgg=-30 V is resulted from
the current reduction by prolonged negative gate biasing at
high V 5 which allows the charge trapping near the
channel.”™ And the linear fit of AI versus light intensity in
Fig. 4 shows deviation at the point of light intensity,
500 mW/cm?. The gradually decreasing gradient of the re-
sponse current to the light intensity is attributed to the op-
eration of the OFET, which limits the photocurrent of the
OPS at high light intensities. In principle, when the total
voltage across the circuit is fixed, the OFET can be saturated
for a large Ehotocurrent and the voltage bias on the OPS is
diminished.”

In summary, the vertically integrated OPS and OFET
using a PDMS elastomer showed variable gate dependent
photoresponse at fixed low V sg. The photoresponse (AI/I)
is modulated from 0.47 up to 1.9 by both the V5g and light at
a fixed I, of —0.3 V. Therefore, our device offers a simpler
route for device integration and tunable optical properties. In
addition, this stacked configuration is beneficial for integra-
tion into the innovative concept of flexible optoelectronics,
such as smart OLEDs or integrated portable detection sys-
tems in point-of-care diagnostics.
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