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Multi-functional devices having responsiveness to multiple physical stimuli, mechanical
flexibility and optical transparency are of great interest in applications for human-machine
interfaces. Here we demonstrate transparent and flexible organic field effect transistor
(tf-OFET) devices with multi-modal sensing capability of detecting infrared (IR) light, pres-
sure, and strain simultaneously. The multi-modal sensing layer with piezoelectricity and

Keywords: pyroelectricity was directly integrated into OFETs as the gate dielectric so that a new type
Transparent . . f h . . s . .
Flexible of multi-modal sensing device with simple structure having possibility of increasing the sen-

OFET sor cell density can be easily fabricated. For decoupling of pyro- and piezoelectric responses
in a single device under simultaneous stimulations of IR exposure and strain, an approach of
determining two input stimuli by separating the polarization changes inside the gate dielec-
tric (V,) and the modulation in the product of effective field-effect channel mobility and gate
capacitance (uC). The high sensitivity of the devices to IR from human body may also enable
the devices to be applied for the realization of artificial intelligence that contacts directly

Sensor
Multi-modal

with human body such as artificial e-skin, biomedical monitoring, and tactile sensing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Transparent and flexible electronics (tf-electronics)
devices that are lightweight, unbreakable, optically
transparent, mechanically flexible and have a low power
consumption are of great interest for the development of
new-concept systems, such as displays, human-machine
interfaces, electronic artificial skin, and smart digital
gadgets [1-6]. However, there are several obstacles to the
realization of optically transparent and flexible devices on
plastic substrates [7-11], which include the limitations on
the maximum process temperatures due to the low glass
transition temperatures (80-200 °C) of the plastic sub-
strates and the limited transparency and flexibility of the
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component materials in the devices. Therefore, for the
realization of device components compatible with tf-
electronics, the development of materials, processes, and
structural designs with low temperature processability
and good mechanical flexibility is the key issue.

Recent studies have demonstrated the fabrication of
tf-electronic devices using transparent conducting oxides,
carbon nanotubes or graphene as the electrodes, transpar-
ent oxide semiconductors, oxide nanowires or single-
walled carbon nanotubes as the channels, and transparent
oxide insulators or polymers as the insulators [9,10,12-
18]. All of these researches have focused on improvement
of performance, optical transparency, and mechanically
flexibility of devices. However, there have been no reports
on organic tf-electronics devices which use intrinsically
transparent, flexible and organic thin film materials
directly formed on transparent and flexible plastic
substrates without transfer printing. The performances of
organic tf-electronics devices are limited by the restricted
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electronic properties of organic materials such as, for
example, their low mobility, x, of around 1 cm?V~'s!
for organic field-effect transistors (OFETs) [19-22], which
is three orders of magnitude lower than the value of
~1000 cm? V-'s~! for inorganic FETs [23]. However, or-
ganic tf-electronics devices based on organic materials
can provide advantages in the area of sensing devices, be-
cause the electrical performance of the sensing elements is
less important than that in other systems such as inte-
grated circuits.

Among the envisaged applications of organic electronic
devices, OFETs offer a great deal of promise for applications
in physical, chemical, and biological sensors [24-26]
because OFET-based sensors have many advantages over
other types of sensors such as signal amplification, high
sensitivity, ease of fabrication, and miniaturization for
multisensory arrays. Some research groups have recently
reported flexible pressure sensors for electronic skin
(e-skin) applications, in which OFETs were used to read
out the pressure data from sensor elements [6,27,28].
Natural human skin, however, is much more complex,
because multiple stimuli including, touch, temperature,
pressure, and strain are sensed simultaneously. To imitate
the tactile sensibility of natural human skin, therefore,
artificial e-skins having multi-modal sensing capability
are required for systems applicable to various environ-
ments. A sensor matrix with multi-functionalities was
developed by some research groups by attaching two ele-
mental sensors to each sensor cell (pixel) [28,29]. In the case
of a multi-modal sensing configuration with multiple indi-
vidual sensors, however, the density of the sensor pixels
can be limited and the fabrication process becomes very
complicated and expensive. Therefore, the fabrication of a
type of sensor with the capability of sensing more than
two stimuli simultaneously in the same sensing device
would provide an interesting solution to the problem of
artificial e-skin.

In this report, we demonstrate for the first time
tf-OFETs directly integrated with multi-functional gate
insulating materials, which have the potential to provide
multi-modal sensing capability in a single sensing device.
The advantages of these devices include their simple struc-
ture, easy integration, and responsiveness to multiple
physical stimuli.

The key component of our devices is a layer of the
highly crystalline co-polymer, P(VDF-TrFE), integrated
directly into tf-OFETs as a multi-functional gate dielectric
layer with piezoelectricity and pyroelectricity. The multi-
modal sensing capability of the devices was examined by
measuring their IR light response during mechanical bend-
ing. The AC (alternating current) gate biasing method was
used to separate the pyro- and piezoelectric responses of
gate dielectric (P(VDF-TrFE)) to multi-stimuli from the
changes of other electrical parameters including their
effective field-effect channel mobility and capacitance in
the tf-OFETs. Furthermore, the pyro- and piezoelectric
responses of the gate dielectrics causing the modulation
of the device output signal could be decoupled, which
indicates the feasibility of the multi-modal sensing from
a single sensing device. Interestingly, the devices were also

highly responsive to IR radiation from the human body,
which has not been observed in other devices. These tf-
OFETs with highly sensitivity to IR combined with mechan-
ical sensing capability could be suitable for artificial e-skin,
biomedical monitoring, and tactile sensing applications.

2. Measurement methods

Before the application of the sensor devices for multi-
stimuli sensing, the characteristics of the tf-OFET were
measured under ambient conditions by using a semicon-
ductor parameter analyzer (HP 42145B). The results are
shown in Supporting Fig. S1. In our devices, because the
sensing layer is a gate dielectric layer of a ferroelectric co-
polymer (P(VDF-TTFE)), the sensing mechanism depends
on the modulation of the remnant polarization inside
P(VDF-TrFE), P,. For the sake of convenience we define the
equivalent voltage, Vy, corresponding to Py, P:= go&Vo/d,
where &, &, and d are the vacuum permittivity, relative
dielectric permittivity and the thickness of the gate dielec-
tric, respectively [30]. In order to investigate the capability
of multi-modal sensing of the tf-OFETs, we applied an elec-
tric field directly to both sides of the P(VDF-TrFE) gate
dielectric to pole and build up P, inside the P(VDF-TrFE)
gate dielectric. In this case, the pentacene semiconductor
layer and gate electrode served as poling electrodes.

It should be noted that the sensing layer of (P(VDF-
TrFE)) functioned directly as a gate dielectric layer in the
tf-OFETs. The sensing mechanism of the device based on
the direct pyroelectric and piezoelectric effect can be ex-
plained by the change of P; or Vy under external stimuli
(IR, mechanical strain, or stress) that modulates the
source-drain read-out current, Ips (see Eq. (1)). In addition,
the external stimuli also affect the interference parame-
ters, such as the hole mobility of pentacene, PEDOT:PSS/
pentacene contact resistance and capacitance of the gate
dielectric, which interfere with the modulated Ips from
the tf-OFETs. The AC gate biasing method, which was re-
ported in our previous work [31], served as a good tech-
nique to differentiate the responses to the physical
stimuli caused by pyroelectricity and piezoelectricity from
the other electrical interference parameters. The mathe-
matical equation for the AC gate biasing method is pre-
sented in Eq. (1) [31]. The mathematical transforms and
meaning of the parameters in the equation are provided
in the Supporting Equation:

Ips = —HC%VG()VD Sin(27'cft) — ﬂC%VovD (])

here,V, is the equivalent external gate bias of P, Vp is drain
voltage, u is the effective field-effect channel mobility, C is
the capacitance of the gate dielectric layer, Vo and f are
the amplitude and frequency of the applied AC gate bias,
and W and L are the width and length of the channel,
respectively. We define and I5" = —uC%VgoVp, and
Igs™ = —uC¥VoVyp, and V, is associated with P; of P(VDF-
TrFE). To separate the response to the physical stimuli
caused by pyroelectricity and piezoelectricity from the
other electrical device parameters, we take the ratio of
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Fig. 1. The structure, optical image and transmittance of the tf-OFET. (a) Schematic illustration of tf-OFET. (b) Optical transmittance through all of the layers
with the same stacking sequence and thickness as the layers in the tf~-OFET device. The inset shows the image of a tf~-OFET fabricated on a PES substrate with
four devices, showing that the text on the paper behind the substrate is clearly visible.
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response of V or P; in the P(VDF-TrFE) copolymer.

= VV—GUO and then, from this ratio, we can calculate the

3. Results and discussion
3.1. Optical transparency

To confirm the optical transmittance of devices, we
measured optical transmission spectra through all of the
stacked blanket layers on the transparent polyethersulfone
(PES) substrate having the same thicknesses as those of the
layers in the tf-OFET structure (see Fig. 1a). As shown in
the results presented in Fig. 1b, the optical transmission
of the sample with the stacked blanket layers on the PES
substrate, with the substrate absorption eliminated, was
about 70% in the visible wavelength range from 350 to
800 nm. The optical images of the tf-OFETs on the trans-
parent and flexible substrate (see the inset in Fig. 1b) show
transparency, in which the text on the paper behind the
substrate with the devices is clearly visible.

3.2. Influence of IR irradiation

We investigated the IR response of the tf-OFETs by
using the AC gate bias method. IR radiation from a halogen
lamp acting as an IR source was focused on the device. A
filter was placed in front of the halogen lamp to cut off
all wavelengths shorter than 800 nm. When the device
was illuminated with an IR light intensity of
2000mW cm2, an increase in Ips was recorded at
Vo=-3V, Vg=-5V, and modulation frequency
f=0.5Hz. The response data of Ips is shown in Fig. 2a. Such
an increase of Ips, including the augmentation of both Ij¢™"
and I3%® (Supporting Fig. S2 and Fig. 2b (green line)'), can
be explained by the change in the effective mobility, due
to the temperature dependence of the carrier transport in
the pentacene layer, and the pyroelectric effect of the gate
dielectric. When the tf-OFET is irradiated by IR at 20 °C to
evaluate its multi-modal sensing capacity, the thermally

! For interpretation of color in Fig. 2, the reader is referred to the web
version of this article.
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Fig. 2. Infrared response versus time for tf-OFET. (a) The infrared (IR)
response of the device was measured by the AC gate biasing method. (b)
Replotted response data of I7¢™" from the encapsulated device at various
IR intensities.

activated hopping transport in pentacene is expected to be
enhanced, where the hole mobility increases with increas-
ing temperature following Arrhenius behaviour [32]. As a
result, a net increase in I;g? and I5¢™" occurs, where p is
the multiplier factor in, Ijg” and Is*" (see Eq. (1)). In addi-
tion, under IR illumination, the V; in the P(VDF-TrFE) gate
dielectric also increases and so Ips" will increase, where Vo
is the multiplier factor in Ijs*" (see Eq. (1)). The increase of
Vo results from the positive pyroelectric response in the
P(VDF-TrFE) gate dielectric. The positive pyroelectric phe-
nomenon in the P(VDF-TrFE) gate dielectric will be dis-
cussed in more detail in relation to Fig. 3a. Fig. 2b
presents the modulation of If*™" extracted from Ips at var-
ious IR light intensities (from 500 to 2000 m W cm2). The
data show that the I3¢™" increases when IR light intensity
increases.

3.3. Influence of physical multi-stimuli

As mentioned above, the AC gate biasing method can di-
rectly determine the pyroelectric and piezoelectric re-
sponses in multi-modal sensing devices. Therefore, we
now study the capability of multi-stimuli sensing based
on the modulation of P; or Vy in P(VDF-TTFE) under IR, pres-
sure, and strain applied separately. Fig. 3a shows the ex-
tracted V, values at different intensities of IR irradiation,
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Fig. 3. Multi-stimuli responsiveness of tf-OFETs. (a) IR response of
extracted Vp. (b) Pressure response of extracted Vj. (c) Strain response
of extracted Vp.

Pir. The results indicate a linear increase of V with increas-
ing Pir. The increase of Vy with increasing P indicates the
positive pyroelectricity of P(VDF-TrFE). The pyroelectricity
of P(VDF-TTFE) contains negative and positive contribu-
tions: the negative pyroelectricity proceeds from the ther-
mal vibration of the dipoles in the amorphous phase (low
crystallinity) at high temperature, which causes a reduc-
tion of the average dipole moment in the poling direction
[30]. On the other hand, the positive pyroelectricity come
from the thermal expansion of the crystals (high crystallin-
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ity), which increases the dipole moments as the tempera-
ture increases [30]. Herein, we utilized highly crystalline
B-phase P(VDF-TrFE), which leads to an increase in P, or
Vo as P increases, due to the thermal expansion of the
crystalline phase. The phenomenon of the positive pyro-
electricity of highly crystalline B-phase P(VDF-TrFE) in
the temperature-sensitive device was also demonstrated
in our previous work [30]. The mechanical sensitivity of
the multi-modal sensing device was also examined. The
plots in Fig. 3b and c show a decrease in the V, value with
increasing compressive stress (pressure) and tensile strain
(outward bending). The decrease of V; is attributed to the
decreasing dipole density in P(VDF-TrFE) upon the applica-
tion of compressive stress and tensile strain (outward
bending) [31].

To investigate the multi-modal sensing capability in our
device, responses of the device under simultaneous stimuli
of IR irradiation and tensile strain were measured by
exposing different IR irradiations at various tensile strains.
The measured IR and tensile strain responses are illus-
trated in Fig. 4a and b, respectively. It can be seen that
the responses to IR and tensile strain take place at the same
time, and the IR sensitivity (dVo/dPjRr) decreases from
0.0024 to 0.001 Vm~!W~!cm? with increasing tensile
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Fig. 4. Responses to simultaneous stimulation of IR irradiation and strain
in tf-OFET. (a) The IR response of the extracted V, was measured at
various strains. (b) The strain response of the extracted V, was measured
at different IR power.

strain from 0% to 0.31%. The modulation in terms of dVy/
dPjr at various tensile strains is ascribed to the simulta-
neous pyroelectric and piezoelectric responses in the
P(VDF-TrFE) gate dielectric. As mentioned above, the
P(VDF-TrFE) in the device is the highly crystalline B-phase
material, showing positive pyroelectricity, which leads to
an increase in P, with increasing temperature or intensity
of IR irradiation, due to the thermal expansion of the crys-
tals. On the other hand, the dipoles in P(VDF-TrFE) will be-
come less directional with increasing tensile strain, so dVp/
dPr decreases at a high tensile strain.

If we consider the modulation of Vj only under simulta-
neous stimulation of IR exposure and strain in Fig. 4, we
cannot make sure how the strain (piezoelectric response)
or IR (pyroelectric response) makes an influence to the de-
vice. To decouple pyro- and piezoelectric responses quan-
titatively, we need more than one parameter of the
devices contributing to modulation of the output signal.
The term, Ig” = —uC% Vg Vp obtained from AC gate bias-
ing measurement method contains the contribution from
the device parameters of ¢ and C under simultaneous stim-
ulation of IR and strain. Experimentally, the C value did not
change significantly because the change of C is smaller 20
times compared to those of yC under temperature or strain
variation (no shown here). During measurements under
multi-stimuli, the modulation in the g can be affected
not only by intrinsic channel mobility but also by other de-
vice parameter such as contact resistance Rc. In this case,
the measured uC values are not intrinsic values of the de-
vice but effective values, as defined in Eq. (1). The uC val-
ues versus IR power and strain simultaneously are
presented in the Supporting Fig. S3a and b. The increase
of uC values is presumably attributed to thermoresisitvity
and piezoresistivity effects of pentacene under simulta-
neous stimulations of IR and strain, respectively. The re-
sponses of the device to two stimuli are decoupled by
estimating the differences of two modulations; V, and uC
versus two input parameters (IR power and strain). Once
Vo and uC at unknown value of two stimuli are determined,
we can determine the input values of strain and IR power.
The more details of decoupling process are explained to-
gether with the data in Supporting Fig. S4.

3.4. Study of repetitive mechanical deformation

For reliability evaluation of tf-OFETs under repetitive
mechanical deformation, the sensing capability of the de-
vice was evaluated. To examine any change in the sensing
capability of the device after repetitive mechanical bend-

. . . . AV,
ing with different bending cycles, W values
0JR or pr

(AVi or ot the modulation of Vo under IR or pressure at

various bending cycles (AV{Y; . . the modulation of Vo
under IR or pressure without cyclic bending) under IR
exposure (1000 m W cm~2) and pressure (0.4 MPa) were
monitored after the device is cyclically bent with bending
cycles of 100, 1000, and 10,000 times at the bending radii
of 1 cm (strain=0.6%) and 1.5 cm (strain =0.4%). Fig. 5a
and b show the decrease in sensing capability in both IR
and pressure responses. We recognize that the decrease
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Fig. 5. IR and pressure sensing capability of the tf-OFET devices after various bending cycles at different bending radii was presented by w value
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(AVour or pr: the modulation of Vj under IR or pressure at various bending cycles, AVinit : the modulation of V under IR or pressure without cyclic
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bending). (a and b) Sensing capability of the device under IR exposure and pressure, respectively, was measured at different bending radii (1 and 1.5 cm)
and number of cyclic bending (100, 1000, and 10,000 cycles). (c and d) Sensing capability of the device under IR exposure and pressure, respectively, with
and without re-poling was measured under the bending cycle number of 100, 1000, and 10,000 times at the bending radius of 1.5 cm.

in sensing capability of the device with the bending radius
of 1 cm is larger than that of the device with the bending
radius of 1.5 cm. The degradation in the sensing capability
might be caused by disorder of dipole moment orientation
induced inside the P(VDF-TrFE) dielectric layer leading to a
decrease in Vy (see Supporting Fig. S5) after cyclic bending.
To enhance reordering of the orientation of dipole mo-
ments, the device was re-poled after bending cycles of
100, 1000, and 10,000 times at the bending radius of

1.5 cm. The Fig. 5¢ and d indicate that the W values

init
OJR or pr

of the re-poled devices after bending cycles of 100, 1000,
and 10,000 times is nearly unchanged compared to that
of the device at the initial state before cyclic bending. From
above results, we can presume that sensing capability of
re-poled devices after cyclic bending is nearly stable.

3.5. Response to human body IR

Interestingly, the tf-OFET is highly responsive to IR radi-
ation from the human body. The IR absorption spectrum of
P(VDF-TrFE) (Supporting Fig. S6) shows absorption peaks in
the wavelength range from 8000 to 9500 nm and from
11,000 to 12,000 nm. According to the thermal radiation
theory at the temperature of the human body (300 K), the
emitted wavelength ranges from 3000 to 70,000 nm, and
the application of Wien’s Law to the emission from the hu-
man body results in a peak wavelength of Apeax = 9500 nm.

From the above attributes of the IR absorption of
P(VDF-TrFE) and human body radiation, we found that
the wavelength of the bond or group variations in the
P(VDF-TrFE) molecules matches with the IR wavelength
range of the radiation from the human body. Consequently,
P(VDF-TrFE) is expected to absorb the IR radiation from the
human body efficiently. The response of the device to IR
radiation from the human body was examined through
the interaction between the devices and the human finger.
When the finger is placed close to the device, heat transfer
occurs from the finger to the device kept at 20 °C via con-
duction, convection and radiation. To vanish the effects of
heat convection and conduction, we capped the finger with
the polymer gloves, which is a heat insulator and transpar-
ent to IR. Here, the response of the devices was also mea-
sured by the AC gate biasing method, and Ip¢™" extracted
from the AC gate biasing method was determined as the
current response to IR emitted from the human body.

Fig. 6a shows the series of data for the modulation of
I3 (AIg™) as a function of the distance between the de-
vice and the finger, d, without and with bending. The aug-
mentation of I3*" with decreasing d can be explained by
the variation in the intensity of the IR radiation with the
change in d. When the intensity of the IR radiation is higher
(i.e. d decreases), more IR is absorbed by the P(VDF-TrFE)
gate dielectric and, in turn, the existence of more dipole mo-
ments means that a higher P; or Vy (positive pyroelectricity)
is generated. Therefore, a greater number of holes are
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Fig. 6. Response of tf~-OFET to IR from human body (finger). (a) The Ij¢™"
modulation of the tf-OFET without and with bending (strain = 0.2%) was
measured at different distances, d, between the device and the finger. The
inset image illustrates the measuring process. (b) The response of the
device with and without finger touch (the finger was placed closely to the
device with the distance of d =4 mm). The inset image illustrates the
measurement process.

trapped at the interface of pentacene/P(VDF-TrFE), generat-
ing a larger AIf$*". On the other hand, when the intensity of
the IR radiation from the finger increases because the finger
is closer to the surface of the device, a smaller Alp¢™ is gen-
erated. In addition, this increase of AIF™ is also related to
the thermal effect on u of pentacene. It is known that the
electrical conductivity of semiconductor materials is usu-
ally thermally activated and therefore, under IR radiation,
the holes mobility in pentacene increases with increasing
intensity of IR radiation. Fig. 6b shows the response of the
device to gentle finger touch. In this case, we placed the fin-
ger in contact with the device surface so that the touching
force is very light. This means the signal response of the de-
vice mainly comes from IR response without pressure or
strain response. The observed increase in Ips" is mainly
caused by the thermal effect on p of pentacene and the
pyroelectric response of P(VDF-TrFE), due to the absorption
of IR radiation from the finger. The results here demonstrate
that the all-organic tf-FETs developed in this study, which
are highly responsive to IR radiation from the human body,
have a great potential in applications of biomedical moni-
toring and tactile sensing.

4. Conclusions

In this article, we report tf-OFETs with multi-modal
sensing capability on transparent and flexible substrates.
The highly crystalline co-polymer, P(VDF-TrFE), integrated
directly into the tf-OFET makes it responsive to multiple
external stimuli (viz. IR, pressure, and strain) with a simple
and single device structure. The clear separation of the pie-
zoelectric and pyroelectric responses from the other
parameters was demonstrated by the AC gate biasing
method. The present tf-OFETs devices with the capability
of sensitively detecting IR radiation from the human body
offer the promise of many interesting applications includ-
ing, for example, biomedical monitoring and tactile sens-
ing. In addition, the multi-modal sensing capability and
simple fabrication of the FETs, based on organic, transpar-
ent and flexible materials, make them a promising candi-
date for artificial e-skin applications.

5. Experimental section

Tf-OFET sensing devices were fabricated in a bottom-
gate and bottom-contact configuration on transparent
PES substrate. The PES substrate has a high melting tem-
perature of >200 °C with a thickness of 200 um. The 20-
nm-thick Al,05 protection layers covering both sides of
the PES substrate were deposited by atom layer deposition
(ALD). The Al,0O3 protective layers prevent the PES sub-
strate from reacting with the organic solvent during the
fabrication process. The spin-coated poly(3,4-ethylenedi-
oxythiophene) poly(4-styrenesulfonate) (PEDOT:PSS),
which was used as the gate, source and drain electrodes,
was patterned by an O, CDE (chemical dry etching) pro-
cess. After the spin-coating of PEDOT:PSS on the PES sub-
strate, a thin film of Ni (5 nm) was deposited as an etch
mask through a shadow mask onto the PEDOT:PSS film
by e-beam evaporation. Then, the substrate was exposed
to an oxygen microwave plasma in a CDE system at
640 mtorr and a microwave power of 50 W to etch the
PEDOT:PSS which was not protected by the Ni patterns. Fi-
nally, the Ni mask patterns were removed in HNOs5 acid
solution. With this patterning technique, tf-OFETs having
a channel length ranging from 40 to 70 um were obtained.
The gate dielectric layer as a multi-stimuli responsive layer
was formed by spin-coating P(VDF-TTFE) solution, subse-
quent melting at 200 °C for 1 h and annealing in a nitrogen
medium at 140 °C for 2 h to increase the crystallinity for
the enhancement of the piezoelectric and pyroelectric
properties. Because the P(VDF-TrFE) used as a gate dielec-
tric layer is a hydrophobic material, the PEDOT:PSS layer
could not be spin-coated uniformly on the gate dielectric.
To overcome this problem, a thin buffer layer of poly-4-vi-
nyl phenol (PVP) (20nm) between the dielectric and
source/drain electrode was used. The hydrophilic surface
of the PVP buffer layer was created by oxygen plasma
treatment for the sequential formation of the gate dielec-
tric and source/drain electrode. To minimize the degrada-
tion of the pentacene active layer during the electrical
measurement with mechanical bending, a thin encapsula-
tion layer of TTC (tetratetracontate) was capped on top of
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the tf-OFET by thermal evaporation. The capping layer is
also transparent to IR radiation.
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