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Pentacene-Based Organic Phototransistor With High
Sensitivity to Weak Light and Wide Dynamic Range

Hsiao-Wen Zan, Member, IEEE, Shih-Chin Kao, and Shiang-Ruei Ouyang

Abstract—In this letter, the channel length effect, combined with
the photoelectric field effect of organic phototransistors, has been
investigated for the first time. Reducing the channel length and
applying a positive gate bias during illumination enhance electron
trapping effectively and hence improve the photoresponsivity of a
pentacene-based phototransistor. The sensing dynamic range and
the photosensitivity to very weak light (in the range of microwatts
per square centimeter) are also discussed through the interaction
between deep trapped states, interface energy-band bending, and
photoexcited electrons.

Index Terms—Channel length, pentacene, photoresponsivity,
phototransistor, thin-film transistor (TFT).

I. INTRODUCTION

ORGANIC thin-film transistors (OTFTs) have attracted
much attention because of their low-temperature process-

ing, flexibility, and lightweight [1], [2]. Aside from serving as
a switch in display, an OTFT exhibits high photoresponsivity
(Rph) and can be used as an organic phototransistor (OPT) [3]–
[5]. Under illumination, excitons generated in a pentacene film
dissociate into electrons and holes. Holes can be well conducted
without being significantly trapped. Light-induced electrons, on
the contrary, are easily trapped by deep electron-trapping states
in a pentacene film [6]. When electrons are trapped close to
the organic/dielectric interface, OPT exhibits pronounced light-
induced threshold-voltage shift (ΔV Light

TH ) [3], [7]. ΔV Light
TH

increases the photocurrent at a fixed gate bias and thus enhances
Rph. Recently, many reports found that the Rph or ΔV Light

TH
of OPT can be significantly enlarged by applying an electric
field during light irradiation (named as photoelectric field effect
in this letter) [4], [7]. However, the influences of electric field
and channel length on electron trapping have not been studied
under illumination. When OPT is used to detect light signals
with various intensities, the dynamic detecting range is not
also investigated. In this letter, pentacene-based OPTs with
different channel lengths are used to detect light signals with
various intensities. The electric field effect, channel length
effect, and dynamic detecting range under repeated operation
are discussed.

II. EXPERIMENTAL SETUP

Conventional top-contact pentacene-based TFTs were used.
Spinning poly(methyl methacrylate) (PMMA) onto SiO2 serves
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as a dual-layer gate dielectric. The inset of Fig. 1(a) shows
the device geometry. The thickness of both SiO2 and PMMA
layers is 100 nm. Unpurified pentacene obtained from Aldrich
was evaporated through a shadow mask onto the PMMA layer.
The deposition rate was set at 0.5 Å/s, while the substrate
was kept at room temperature. After the formation of 100-nm-
thick pentacene, 100-nm-thick gold was deposited through the
shadow mask to form source/drain contacts. The device channel
length (L) varied from 100 to 600 μm, while the channel width
(W ) was fixed at 1000 μm.

A white-light-emitting diode (LED) was used as backlight to
irradiate the sample from the top. The device was measured at
room temperature and in ambient air. The threshold voltage was
extracted using the linear region equation [8].

III. RESULTS AND DISCUSSION

Before stress or irradiation, devices exhibit a field-effect mo-
bility and a threshold voltage of 0.36 cm2/V · s and −14.5 V,
respectively. The subthreshold slope is 0.9 V/decade for devices
with channel lengths varying from 200 to 600 μm and is
2.7 V/decade for devices with channel lengths of 100 μm.
First, (ΔV Light

TH ) is investigated using bias stress to control the
light-induced threshold voltage shift. ΔV Light

TH is defined as
Vth–V ini

th , where V ini
th and Vth are threshold voltages under illu-

mination before and after bias stress. The white-light source is
used to illuminate the device (W/L = 1000 μm/200 μm) with
an intensity of 600 μW/cm2 for 100 s. During illumination,
bias stress is also applied using different stressed gate biases
(V st

GS’s). The stressed drain bias (V st
DS) is 0 V or equal to V st

GS.
The source electrode is grounded. Before and after the 100-s
illumination with different stress conditions, transfer character-
istics are measured promptly under illumination. Then, ΔV Light

TH

is shown as a function of V st
GS in Fig. 1(a). White circles repre-

sent ΔV Light
TH for the grounded drain, while black circles repre-

sent ΔV Light
TH for V st

DS = V st
GS. When V st

GS = 0 V, ΔV Light
TH is a

small positive value because of electron trapping. When a nega-
tive gate bias is applied during illumination, ΔV Light

TH shifts to
become negative owing to the compensation between the light-
induced electron trapping and the bias-induced hole trapping.
Applying a positive gate bias obviously enhances ΔV Light

TH ow-
ing to electron trapping. Effective electron trapping results from
the separation of light-generated excitons and the equilibrium
of trapping and recombination. The separation of excitons
can be enhanced by an electric field through field-induced
dissociation [4], [6], [7]. In our study, the electric field across
the channel film close to the source/drain electrodes (vertical
field) is usually much higher than the electric field along the
channel length from the source to drain electrodes (lateral
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Fig. 1. (a) Light-induced threshold-voltage shift ΔV Light
TH as a function of gate bias. The bias conditions are as follows: VD = VS = 0 V and V st

DS = V st
GS,

VS = 0 V. (b) Light-induced threshold-voltage shift ΔV Light
TH as a function of channel length.

Fig. 2. (a) ΔV Light
TH as a function of light intensity under various gate biases. (b) Energy-band diagram of OPT from the gate to the drain/source when devices

are under illumination with a positive gate bias.

field). A high vertical field (higher than 2 × 104 V/cm [9]) may
be effective in dissociating excitons. Additionally, a vertical
electric field causes downward band bending at the organic/
dielectric interface to provide empty trapping states [10]. A lat-
eral field, on the other hand, may facilitate the removal of holes
through the source electrode to prevent recombination [11]. As
shown in Fig. 1(a), when V st

DS changes from 0 V to be equal to
V st

GS, the vertical electric field is reduced, and the lateral elec-
tric field is increased. ΔV Light

TH is significantly reduced when
V st

DS = V st
GS, implying that ΔV Light

TH is dominated by the verti-
cal field rather than by the lateral field. The removal of holes,
however, is still found to be essential when we compare ΔV Light

TH

for devices with L varying from 600 to 100 μm, as shown
in Fig. 1(b). Reducing L significantly increases ΔV Light

TH . Be-
cause the removal of light-induced holes is more effective near
the source/drain electrodes than in the center of the channel,
increasing L reduces the portion of the source/drain-

affected areas and suppresses ΔV Light
TH . The channel length

effect reveals that the removal of light-induced holes through
the source/drain electrodes is necessary to allow the light-
induced electrons to be effectively trapped by the deep states.

Then, ΔV Light
TH with 100-s illumination is shown as a

function of light intensity (PL) under various gate biases in
Fig. 2(a). When V st

GS = 5 V, ΔV Light
TH is small and saturates

when PL reaches 200 μW/cm2. By increasing V st
GS from 5

to 15 V, ΔV Light
TH is enlarged, and the saturation point moves

to be under higher PL. Because increasing PL increases the
number of excitons, enhanced electron trapping and enlarged
ΔV Light

TH with increasing PL are reasonable. When the trapping
states are fully occupied, increasing PL can no longer enhance
electron trapping, and ΔV Light

TH saturates at a fixed value. A
band diagram from the gate to the drain/source is depicted
to explain the proposed mechanism, as shown in Fig. 2(b).
Changing the gate bias from 5 to 15 V makes the energy band
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Fig. 3. ΔV Light
TH and photocurrent difference ΔIph measured by applying a

periodic gate bias under various light intensities. The V st
GS waveform consists

of sequential four potential steps (15 V, 0, −20, and 0 V). ΔV Light
TH and ΔIph

normalized to the initial value of every cycle is also shown by black circles.

at the dielectric/organic interface to bend down further. The
number of electron-trapping states below the Fermi energy is
increased. This allows more photogenerated electrons to be
trapped and provides a larger response window to different
PL. Also, for a very weak light such as PL = 50 μW/cm2,
increasing V st

GS can effectively enlarge ΔV Light
TH and Rph. If no

stressed bias is applied on OPT, it is almost impossible to detect
the weak light with PL = 50 μW/cm2. When V st

GS = 30 V,
the Rph of OPTs with L as 100 μm is 40 A/W under white-
light irradiation (PL = 50 μW/cm2) and 92 A/W under blue-
LED irradiation (465 nm and 50 μW/cm2). It is summarized
that increasing the gate bias during illumination can effectively
increase the detection dynamic range and enhance the sensing
ability related to very weak light intensity in the range of
microwatts per square centimeter.

Finally, repeated sensing behavior is confirmed by applying
a periodic gate bias onto devices during illumination. As shown
in Fig. 3, the V st

GS waveform consists of four sequential potential
steps (15, 0, −20, and 0 V). Every potential step has a 50-s
duration. V st

GS such as +15 V determines the sensing period.
V st

GS such as −20 V is used to accelerate the recovery of the
sensing signal. ΔV Light

TH and photocurrent variations (ΔIph) are
plotted as a function of time. ΔIph is defined as Iph–I ini

ph , where
I ini
ph is the drain current measured promptly under irradiation.

Although long-time integration (several tens of seconds) is
needed to obtain significant ΔIph and ΔV Light

TH , its application
on a large-area flexible scanner is possible. During scanning,
OPTs are turned off (with a positive gate bias). They are turned
on only in the signal reading cycles. This is beneficial for power
savings. During the recovery period, an incomplete recovery
is due to an incomplete compensation between electron and
hole trapping and can be treated as noise. The noise can be
eliminated if the variation of ΔV Light

TH and ΔIph in the sensing
period is used as a sensing index, as shown by the black
symbols in Fig. 3.

IV. CONCLUSION

The ΔV Light
TH and Rph of pentacene-based OPTs have been

greatly improved by applying a positive gate bias during il-
lumination or by reducing the channel length. It is verified
that even when the vertical electric field plays a dominant
role in enhancing ΔV Light

TH , the removal of light-induced holes
through the source/drain electrodes is necessary to allow the
light-induced electrons to be effectively trapped by the interface
states. When increasing PL, the maximum ΔV Light

TH of OPT
was restricted owing to the fixed amount of interface trap states
under a constant gate bias. Increasing the positive gate bias
extends the response window to larger PL and improves Rph to
very weak light. Finally, the repeated OPT response to different
PL is confirmed by applying a periodic voltage signal cycle.
These results are useful to design OPTs in image sensor array.

To date, the origin of electron-trapping states is not clear. We
had measured the devices in vacuum to suppress the influence
of oxygen and water. A significant photoelectric field effect was
still observed. Further studies need to be conducted to explore
the mechanism in depth.
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