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We  have  investigated  the  photo-response  characteristics  of organic  photosensors  (OPS)  inte-
grated  with  pentacene  based  thin  film  transistors  (TFTs).  The  fabricated  device  configuration  is
PEN/ITO/PEDOT:PSS/(poly(3-hexylethiophene)/phenyl-C61-butryic  acid  methyl  ester)  (P3HT/PCBM)/Al
and  PDMS/Au/(poly-4-vinyphenol)  (PVP)/pentacene/Au.  In  order  to study  the effect  of  the  applied  volt-
vailable online 15 February 2011
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age to  the  pentacene-TFT  on the  OPS,  each  device  is connected  in  series.  The  response  current  is  tuned
dependant  on the  gate-source  voltage  and  the  anode-source  voltage.  The  change  of  the  photo  induced
ON  current  in  the  integrated  device  is  measured  under  light  illuminations  ranging  from  50  mW/cm2 to
500 mW/cm2; the corresponding  photo-response  (�I/I0) of  the  devices  varied  from  0.16  to 1.9.  We  found

 char
3HT/PCBM
rganic thin film transistor
lexible electronics

that the  photo-response
voltage.

. Introduction

Flexible large-area electronics using organic thin-films have had
onsiderable attention among scientists researching optoelectronic
pplications. Since the conventional approach is based on rigid sili-
on and glass substrates, it is difficult or cost-prohibitive to achieve
arge-area, low-cost, light-weight compatibility with plastic sub-
trates. And, the organic material has a large potential to engender
exible optoelectronic applications by tuning its molecular struc-
ure [1].  The required devices needed for flexible electronics can be
ivided into the passive elements and active circuit elements, such
s diodes, transistors, and sensor arrays integrated into flexible sub-
trates [2].  For the active circuit elements, not only single devices
ut also the integration of transistors including their organic and

norganic (a-Si) counterparts with a photosensor or an OLED have
een demonstrated, motivated by the need to detect and display
he image information on flexible substrates [3–6]. In addition,
hese research areas are worthy of study because the integra-
ion of photosensors, transistors, solar cells and OLEDs will be

equired for systems on chip. From a chemical engineering per-
pective, conjugated polymers have been widely used for light
adiation detection; the previous research topics have focused on
igh efficiency [7,8], wide band gaps [9,10],  large area processing
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acteristic  is  high  at the  low  anode-source  voltage  and  high  gate-source

© 2011 Elsevier B.V. All rights reserved.

[11,12],  stability [13,14], free transparent electrodes [15,16] and
others [17,18] because the opto-induced charge transfer properties
of the organic materials largely depend on the material engineering
or manufacturing process. However, the electrical characteristics,
when they are integrated into organic thin film transistors (OTFTs),
have been rarely studied. The quantitative understanding of the
electrical operation is necessary in order to enable the design of an
optimum organic photosensor. Moreover, in order to realize func-
tional image processing, the variable-sensitivity of photosensor cell
is a demanding technology when applied to sensor arrays because
these complex elements need to be integrated into the operation
of these functions at each pixel.

In this paper, we  investigate the photo response charac-
teristics in integrated organic photo sensors with a (poly(3-
hexylethiophene)/phenyl-C61-butryic acid methyl ester) (P3HT/
PCBM) blend as the active layer and OTFTs with a pentacene organic
semiconductor. Both of these organic active layers used for the
sensor and the driving part are favorable materials for plastic sub-
strates. We  demonstrate the organic photo sensors and the OTFTs
can be used on the same substrate in a stacked configuration.
The various photo response characteristics dependant on the gate-
source and anode-source voltages of the OTFTs were analyzed.

2. Experiment
2.1. Fabrication of the organic photosensor

Two  kinds of devices were fabricated at the same time. The glass
is used for easy handling of the plastic substrate; the samples were

dx.doi.org/10.1016/j.snb.2011.02.013
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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ig. 1. (a) The schematic diagram of the devices, which is integrated with a pen-
acene thin film transistor on an organic photosensor. (b) The equivalent circuit
iagram of the integrated sensor and transistor. The inner resistance is described.

leaned according to the conventional wet cleaning process (iso-
ropyl alcohol for 10 min  in ultrasonic bath and dried on a hot
late). The sample preparation was realized without protection
o air and moisture at clean room. The ITO anode electrode was
repared using the pre-coated 125 �m thin polyetherthylenenaph-
halate (PEN) substrates. The sheet resistance is 20 �/sq.; the film
hickness is 150 nm.  We  conducted the ITO patterning using pho-
olithography. The PEDOT:PSS (Bayer) layer was then spin-coated
t 1200 rpm. To make a P3HT/PCBM 1:0.8 weight ratio solution,
3HT is dissolved in chlorobenzene to make a 22 mg/ml solution,
ollowed by stirring the solution for 3 h at room temperature. The
athode layer of the OPS was formed with 90 nm thick aluminum,
hich was deposited by thermal evaporation using a shadow mask.

he size of the OPS electrode for each active area is 3 mm × 3 mm.
he finished (P3HT/PCBM) films were annealed on top of a hotplate
t 150 ◦C for 10 min  in air. The prepared devices are briefly covered
y pentacene-TFT made onto PDMS substrate.

.2. Fabrication of pentacene thin film transistor

Evaporated-pentacene was used as an active layer for the OTFTs
t room temperature due to its uniformity and reproducibility as
n organic semiconductor [19]. Fig. 1(a) shows the OPS structure
f the ITO/PEDOT:PSS/P3HT:PCBM/Al and the pentacene-thin film
ransistor on the poly(dimethylsiloxane) (PDMS) (Dow corning,
ylgard 184) substrate. In order to integrate the OPS device and
TFT onto the same substrate, about 1 mm of PDMS was used as the
exible substrate of the pentacene thin film transistor. A 140 nm
hick Au gate was evaporated on the PDMS through the shadow

ask. The powders of poly-4-vinyphenol (PVP) (Mw  = 25,000) was
issolved with poly(melamine-co-formaldehyde) (PMF) (used as
he PVP thermal cross-linker) using propylene glycol monomethyl
ther acetate (PGMEA). The concentration of PVP in PGMEA solu-
ion was 15 wt% and the thickness was about 750 nm.  The cross-link
as completed by an annealing process at 200 ◦C for 10 min. The
entacene was evaporated in the thermal evaporation system (DOV
o., Ltd.) under a vacuum pressure of 2 × 10−6 Torr, at room tem-
erature. The deposition rate was controlled to 0.3 Å/s. The channel

ength and width was 100 �m,  500 �m,  respectively which were
atterned through shadow mask by thermal evaporator. In order
o reduce the exposure to air, the Au electrodes and the aluminum
lectrodes of the OPS were evaporated continuously in the same
hamber.
.3. Measurements

The current density versus voltage (J–V) measurements were
erformed using a Keithley model 2400 source measuring unit (see
ators B 156 (2011) 657– 661

the supporting data). The current voltage (I–V) characteristics of
the transistors were measured using a semiconductor parameter
analyzer (Keithley 4200 SCS) in a dark box. The light illumination
was done using a class-A sola simulator with a 150 W Xenon lamp
(Newport); its light intensity was adjusted using a NREL-calibrated
mono Si solar cell, with a KG-2 filter, for an approximately AM 1.5
G1 sun light intensity. The calibration was performed using a G425
silicon photodiode, which was  NIST-calibrated as a standard.

3. Results and discussions

The equivalent circuit shown in Fig. 1(b) represents the serial
connection of the OPS and the transistors; the discussion of our
work is based on the gate-source voltage and anode-source voltage
as an experimental parameter. The operation of the whole circuit
under the dark state can be estimated by the current versus the
applied voltage, as seen in Fig. 2(a). The ON current value of a
sensor-transistor is lower than the single transistor for every case
of the gate-source voltage conditions because the series resistance
of sensor is included. And, the dark current of OPS can be largely
reduced due to the same reason. Fig. 2(b) shows that a dark cur-
rent of around 49 pA flowed from the anode to the source (−0.3 V
to −0.9 V) at a zero gate-source voltage. This value of dark current
is sufficiently low to necessitate a sensor array that needs numer-
ous unit cells [20]. And the decreased series resistance of devices as
gate-source voltage increase implies that the accumulated charge
by electric field on gate is helpful to increase the current of circuit.
The current–voltage characteristic of OPS under light illumination
ranging from 50 mW/cm2 to 500 mW/cm2 is shown in Fig. 2(c).
The photo induced current is linearly increased and the calculated
series resistance under light illumination is varied from 0.05 M�  to
3.2 M� (range of applied voltage is −0.1 V to −0.9 V).

We studied the photo response characteristics of the light
dependent photo-response current for the anode-source voltage
versus time while the light is illuminated about 10 s for each differ-
ent light intensity range (50 mW/cm2, 200 mW/cm2, 300 mW/cm2,
500 mW/cm2). In Fig. 3(a)–(c), the photo induced current between
anode-source of each condition plotted increased as gate-source
voltage increases. And the maximum anode-source current in
Fig. 3(c) is −0.7 �A. The minimum anode-source current is 26 nA
when the gate-source voltage is −5 V and 50 mW/cm2 light inten-
sity (see supporting data). From this result, we can assume that a
more than 8-bit dynamic range (Imax − Idark)/Imin − Idark) is possible
under the subdivided light intensity because the photo induced cur-
rent is coincident with the trend of the light intensity. The reason
for the current increase upon the gate-source voltage is due to the
large accumulated hole carrier level at the transistor channel layer.
And, it is observed that the photo response is inversely proportional
to the anode-source voltage. We  think that this can be attributed
to the relatively increased dark current to the photo induced cur-
rent. Although, the electric field dependent separation of the charge
carriers is likely increased, the flow of the accumulated hole carri-
ers to the drain is limited by the reverse bias at the photo sensor.
Finally, the observed degradation of the current curves over time
or increased gate bias is attributed to the charge trapping [21].

Fig. 4 shows the variable photo-response according to the light
intensity. The photo response (�I/I0) of the devices ranged from
0.16 to 1.9. This photo response characteristic is comparable to
similar photo detectors using organic materials [22]. However, the
photo response ((I − I0)/I0), especially at the 500 mW/cm2, is not

linear to the light intensity over every applied condition of the
gate-source and anode-source voltages. This is due to the fact that
the drain current of the thin film transistor is easily saturated by
the large photo induced current so the combined current of the
anode-source current is reduced [22]. Through this trend of vari-
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Fig. 2. (a) The current versus voltage (I–V) characteristics of the sensor-transistor
and  the separated transistor. The open symbol indicates a separated transistor and
the closed one is for the sensor-transistor under the dark state (b). The dark current
of  the sensor-transistor at a gate-source voltage of 0 V as the anode-source voltage
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Fig. 3. The anode-source current versus time when the irradiated light intensity is
varied from 50 mW/cm2 to 500 mW/cm2 (the corresponding activated photocurrent
is  plotted from left to right). The gate-source voltage of the pentacene thin film
transistor is tuned from (a) −10 V, (b) −20 V, and (c) −30 V.
s  swept from 5 V to −30 V. (c). The current density-voltage (J–V) characteristics of
eparated photo sensor.

nce of photo-response. The appropriate range of light power for
he organic photo sensor can be estimated.

The resistance curves at every voltage bias conditions of the
ircuit plotted in Fig. 5 shows the total resistance of the sensor-
ransistor under dark state is changed from 1.42 M� to 19.6 M�.
hese figures indicate that the voltage distribution to OPS is lower
han −0.4 V and its estimated resistance is 0.05 M� to 1 M�,  when
e compare the series resistance in current–voltage characteris-

ic of OPS based on Eq. (1).  Thus, the OTFT takes dominant part in
he variable photo-response including photo-induced current from
he OPS because the photo-response in sensor-transistor is strongly
ffected by the total resistance under dark state with voltage bias.
AS = VAS

Rdark
OTFT + Rlight

OPS

(1)

Fig. 4. The plot of the photo-response = (Iphoto − Idark)/Idark versus time with a light
intensity from 50 mW/cm2 to 500 mW/cm2. The curves of the photo response are
divided into 4 groups according to anode-source voltage which is varied from −0.3 V
to  −0.9 V.
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In  2007, he joined Korea Institute of Science and Technology (KIST), Seoul, as a
ig. 5. The plot of the total resistance versus the anode-source voltage, which is
alculated from the anode-source current dependent on the gate-source and anode-
ource voltage.

Additionally, the decreased photo response at high anode-
ource voltage and low gate-source voltage can be explained
hrough the tendency in Fig. 5 because the increased resistance
isturbs the current flow at fixed voltage. In this electrical charac-
eristic, however, there are another factors are remained such as
harge carrier mobility, life time and temperature, which is worth
o be considered in expanded experiment [23–25].  But, our sim-
le estimate on series resistance from I–V curves clarified that
he photo-response of integrated OPS to TFT and the variance of

easured values upon voltage biases are dependent on not only
he light power but also the both gate-source and anode-source
oltage. This device configuration and its electrical characteristics
nder various light intensities or bias conditions can be applied

n multiple detectors which require low dark current. In addition,
he organic materials used as sensing area and device structure
ased on flexible substrates has large potential applications such
s vapor-phase detectors, mechanical sensors or actuators.

. Conclusions

In summary, the photo-response characteristic of an organic
hotosensor (OPS) was investigated under various illuminations
hen the pentacene based thin film transistors (TFTs) are con-
ected in series. The variable photo-response has an effective

ncrease in the ON-state anode-source current due to the photons
bsorbed in the P3HT/PCBM blend. The induced photo current by
ight flows to the drain of the whole circuit and the accumulated
ole carriers at the channel of OTFT is combined. The current from
PS is diminished by the large inner resistance of the OTFT in the

inear region so that the anode-source current varied from 10−9 A to
0−7 A at low voltage to anode-source (shown in Fig. 3). These cur-
ent levels and voltages can enable the low power consumption and
ynamic range of photo detection, making it suitable for a photo
ensor that needs many sensor pixels. Therefore, this work sug-
ests the possibility of applications using programmable flexible
rganic photo sensor arrays with organic TFT backplane.
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