Microsystem Technologies (2019) 25:423-430
https://doi.org/10.1007/s00542-018-3973-4

TECHNICAL PAPER

@ CrossMark

The piezoresistance of a device with polyphenylenevinylene derivative

PSS-PPV film

Jie Li' + Yu-xuan Hou' * Yu-yan Wang' - Fei Ye' - Gao-yu Zhong'

Received: 13 March 2018/ Accepted: 22 May 2018/ Published online: 29 May 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

The mechanical and electrical characteristics of poly[l-methoxy-4-(3-propyloxy-heptaisobutyl-PSS)-2,5-phenyleneviny-
lene] (PSS-PPV) film were studied in this work. The loading curves and Young’s modulus of PSS-PPV film were measured
with nanoindentation tests. The device ITO/PSS-PPV (75 nm)/Al (100 nm) was fabricated and measured to obtain the
current—voltage (I-V) and current-time (I-T) curves under different pressures ranging in 0-163 kPa. The device
demonstrated high sensitivity, good stability, and nice repeatability. The piezoresistance coefficient can even reach
2.0 x 107> Pa~"at 0.2 V and 111 kPa. The time and charges required to form a stable build-in electric field in the device
under different pressures were analyzed using a high-frequency square-wave voltage. It is deduced that the applied pressure
not only tightens the PSS-PPV film but also improves its conductance. This property makes PSS-PPV film possess prospect
in pressure sensing applications, though it still suffers from partly slow recovering after considerable compression.

1 Introduction

Organic conjugated polymers are very attractive in the
sensitive materials due to their good piezoresistive char-
acteristics, mechanical flexibility and easy processing
(Zhao et al. 2017; Li et al. 2016; Kim et al. 2011a, b; Jiang
and Cao 2010; Zhong et al. 2009; Dong et al. 2006), which
can meet the sophisticated technical demands in the field of
artificial intelligence, such as robotic electronic skins
(Hammock et al. 2013; Ilievski et al. 2011; Mascaro and
Asada 2004) and minimally invasive surgery (Kim et al.
2011a, b). There are mainly four kinds of piezoresistive
materials used in tactile sensors (Amjadi et al. 2016; Stassi
et al. 2014; Maheshwari and Saraf 2008): (1) metal in
strain gauges (Maheshwari and Saraf 2008; Graz et al.
2009; Amjadi et al. 2014; Deng et al. 2018); (2) inorganic
semiconductors (Kanda 1982; Barlian et al. 2009; Cotton
et al. 2009); (3) conductive polymer composites (Wich-
mann et al. 2009; Tee et al. 2012; Sanli et al. 2017), e.g.,
the composite of carbon particle filled polydimethylsilox-
ane (PDMS); (4) organic conjugated polymers (Tahk et al.
2009; Li et al. 2014; Nunes Pereira et al. 2012; Wang et al.
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2016). Among these materials, conductive polymer com-
posites have been widely investigated and used for many
years (Wichmann et al. 2009; Tee et al. 2012). Although
the composite material has many advantages, an
intractable problem is that, as a physical hybrid, the phase
segregation will affect the device performance (Lipomi
et al. 2011). Recently, many conjugated polymers show
prospects in tactile sensors due to their excellent perfor-
mances, such as flexibility, high sensitivity, low cost,
lightness and thin thickness (Tahk et al. 2009; Choong
et al. 2014; Li et al. 2005; Wang et al. 2016). These
pressure sensitive characteristics can generally attribute to
the molecular structure with good conductive conjugated
main chains and insulated flexible side chains (Braun and
Heeger 1991; Chandrasekhar et al. 2001). The inter-
molecular space will decrease and the overlap of molecular
orbitals will increase if the film is compressed, which
increases the probability of electron transfer between
molecules. Thus the conductivity of materials will increase
with the increasing pressures. The PPV derivatives, as one
kind of conjugated polymers, have been extensively stud-
ied for their potential applications in display and tactile
sensors (Malliaras et al. 1998; Zhong et al. 2009; Dai et al.
2013; Hou et al. 2017). The branch chains in these PPV
derivatives are usually alkyls. Extending the branch alkyl
chain will soften the polymer and reduce its conductance.
However, the polymer will become hard to recover the
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original shape when it is compressed to a degree if the
branch chain is too long (e.g., the branch chain has twelve
carbons) (Song et al. 2017). This is due to the high vis-
coelasticity of the branch alkyl chain.

The piezoresistance studies on PPV derivatives with
alkyl as the branch chain show that the sensitive pressure
normally ranged in 0-300 or 0-500 kPa (Zhong et al. 2009;
Hou et al. 2017). Mascaro and Asada (2004) reported that
the tactile sense of human hands usually ranged from 10 to
40 kPa (Maheshwari and Saraf 2006, Maheshwari and
Saraf 2008). So we have to improve the sensitivity of the
piezoresistive materials to make the sensing material softer
and more suitable for working in low pressures. The reason
why PSS-PPV can be selected as the sensing material
mainly due to the big volume of the cage-like branch,
polyhedral oligomeric silsesquioxane (POSS), which
enlarged the intermolecular space between the conductive
PPV main chains. A little stress may produce a big
deformation, leading to a significant change in resistance
and making the material more sensitive.

In the present work, we fabricated device ITO/PSS-
PPV/Al which worked in the range of 0-163 kPa. The
piezoresistance coefficient ranged in
(1.86-20.0) x 10~* Pa~!. When the pressure is 111 kPa
and the voltage is 0.2 V, the piezoresistance coefficient
reached the maximum 2.0 x 107> Pa~'. We measured the
current in the device under different stresses with a high-
frequency (2.5 kHz) square-wave voltage. The time and
charges required to form a stable build-in electric field
under different pressures were analyzed. Both tendencies
of time and charges varying with pressure are consistent
with each other. It can be concluded that the applied
pressure tightened the PSS-PPV film, which led a faster
formation of a stable electric field and lessened the required
charges in this field formation. However, the delay time of
the slow process of the film rebounding was simulated to
be ~ 550 s by using the Voigt—Kelvin parallel model,
which means the material needs a long time to recover
completely from a normal compression.

2 Experimental details

The PSS-PPV used in this study is bought from Sigma-
Aldrich company (http://www.sigmaaldrich.com). The
molecular structure is shown in Fig. 1. The Young’s
modulus and loading curves of the organic conjugated
polymers were measured with a nanoindentation tester
(CSM, Switzerland, UNHT) using the Oliver and Pharr
method (Doerner and Nix 1986; Oliver and Pharr 1992;
Cao et al. 2007a). The chloroform solution (5 mg/ml) of
PSS-PPV was dropped onto a clean silicon wafer and dried
in air to obtain a PSS-PPV film for nanoindentation test.
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Fig. 1 The molecular structure of PSS-PPV

The thickness of the film was measured with a surface
profilometer (BRUKER DEKTAKI150). In order to prevent
damaging the film surface during the loading process, we
used a diamond cylinder with 20 pm diameter as the flat
punch. The initial load is 0.03 mN and the maximum load
is 0.1 mN. The loading/unloading rate is 0.1 mN/min. The
dwell time between the loading and unloading process is
20 s. Eight cycles of loading/unloading processes were
carried out in this multicycle test.

We fabricated the devices on cleaned ITO patterned
glass substrates. The device structure is shown in Fig. 2.
The ITO glass was cleaned by ultrasonic cleaning with
acetone, ethanol and deionized water for 5 min, respec-
tively. PSS-PPV was dissolved in chloroform (5 mg/ml)
and then the solution was spin-coated on the ITO glass at
1000 r/min rate for 60 s. After drying, a 100-nm-thick Al
film was evaporated on the surface of the PSS-PPV film.
Finally, we obtained the piezoresistive device ITO/PSS-
PPV (75 nm)/Al (100 nm) with an active area of
3 x 3 mm®. We used Digital Force Gauge (AIPU, HF-1)
to apply different pressures on the device and digital source
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Fig. 2 Device structure and test mode. In the green dashed line frame,
the oscilloscope is used to measure the transient voltage at the 50 Q
resistance of the series connected in the circuit to test the time-
dependent current under the high-frequency square-wave voltage
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meter (Keithley, 2400) as the power supply to test the
electrical characteristics. The current-voltage (I-V) and
current-time (I-T) curves under different pressures were
obtained. We put a silicon wafer (3 x 3 mm?) on the
device to make the polished surface fully contact the
device active area, and the pressure was applied at the
wafer’s center to ensure that the pressure was applied
smoothly and distributed uniformly on the active area.
We applied the high-frequency square-wave voltage
(2.5 kHz) on the device with a function generator. The low
and high levels are — 3 and 3 V, respectively. A 50-Q
resistor was connected in series with the circuit. The
voltage on this resistor was measured with an oscilloscope
(Tektronix-AFG2021 model). We obtained the time-de-
pendent voltage and current under different pressures. We
calculated the time and charges required in the formation
of a stable built-in electric field with different pressures,
trying to understand the piezoresistive mechanisms.

3 Results and discussion

We measured the mechanical properties of the PSS-PPV film
using multicycle test, obtained the loading curves as shown
in Fig. 3. The thickness of the film is about 7.1 um, rough-
ness is 5.2 nm, and the average Young’s modulus is 45 MPa.
This Young’s modulus is much more lower than those of
other PPV derivatives (Zhong et al. 2009; Hou et al. 2017),
but is higher than that of a normal PDMS, whichis ~ 1 MPa
for the PDMS with two-component Sylgard 184 silicone kit
(S184) from Dow Corning mixed in the weight ratio of 10:1
(O’Connor et al. 2010). We suppose that the low modulus of
PSS-PPV is due to the elastic properties of the cage-like
POSS group in this molecule, which is similar to the —Si—-O—
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Fig. 3 The loading-unloading curve measured in a multicycle test (a);
the indented depth and the load varying with time (b)

bonds in PDMS, making the material incompact and easier to
be compressed.

Figure 3a shows that the creep occurred within the dwell
time (20 s) under the maximum force (0.1 mN). The first
compression on the pristine film exhibited the most serious
creep. Then the creep decreased gradually with the test
cycles. The loading curves show that the eighth cycle test
even repeated the seventh, indicating that the space
between polymer molecules is almost removed by the
pressure. Then the film became elastic and exhibited a
good repeatability under the ordinary compressing stress.
Figure 3b shows that the indented depth (deformation) is
normally greater than the rebounded depth during the
cyclic loading/unloading processes, which indicates that
the rebounding of material is far slower than the com-
pression. More evidence will be discussed in the following
analysis.

We measured the current-voltage (I-V) characteristics
of the device ITO/PSS-PPV/AI under different pressures.
As shown in Fig. 4, it indicates that the external pressure
reduces the device resistance obviously. At the same
voltage, the current density increased along with the
increasing pressures and it is close to saturation when the
pressure is about 150 kPa. The device demonstrates a good
piezoresistive performance in the range of 0-150 kPa.

The current density varying with pressure (J-P curve) at
different voltages is shown in Fig. 5. It is obvious that the
current density increases with the applied pressure at dif-
ferent voltages until the current tends to saturate at
~ 150 kPa. It can be also used for analyzing the
piezoresistive characteristics of this device.

Figure 6a shows that the enlargement factors of the
current gradually decreases with the voltage under different
pressures. That implies the device normally has a relative
higher enlargement factor at low voltages and a bigger
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Fig. 4 The J-V curve under different pressures ranging in 0—163 kPa
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Fig. 5 The current density varying with stress under different
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Fig. 6 The current enlargement factors with the voltage under
different pressures (a); the current enlargement factors with the
pressure under different voltages (b)

current variation at high voltages. So the device working
voltage can be very low and thus the energy consumption is
also low. As shown in Fig. 6b, we can find that the current
increases 275 times at 0.2 V and 140 kPa, indicating that
the current changes significantly with the applied pressure.

The piezoresistance coefficient can describe the sensi-
tivity of a piezoresistive device, which implies the ability
of a device responding to external pressure (He and Yang
2006). Researchers define the relative change of the elec-
trical conductivity caused by the unit pressure as the

piezoresistance coefficient 7/ (Milne et al. 2010):
_1Ae 1TAJ
" Pay PJ’

(1)

where oy and Ao represent the initial conductivity and its
variation of the device, respectively. J, and A4J represent the
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initial current density and its variation, respectively. P is the
external pressure. Figure 7 shows the piezoresistance coeffi-
cient of the device changing with pressure at different volt-
ages. It is obvious that the piezoresistance coefficient
increases significantly with the increasing pressure in the
range of 0-111 kPa. However, the piezoresistance coefficient
decreases slowly with the increasing pressure when the pres-
sure is higher than 111 kPa. The piezoresistance coefficient
ranges in (1.86-20.0) x 10~* Pa~'. When the pressure is
111 kPa and the voltage is 0.2 V, the piezoresistance coeffi-
cient of the device reaches the maximum 2.0 x 107> Pa™’,
about five orders of magnitude higher than the piezoresistance
coefficient of inorganic silicon pressure sensor (Cao et al.
2007b). The pressure felt by human fingers is generally con-
sidered to range from 10 to 40 kPa (Maheshwari and Saraf
2006). In this range, the piezoresistance coefficient of PSS-
PPV device roughly ranged in (1.86-9.28) x 10~* Pa™"'. So
the PSS-PPV device has a high sensitivity.

We measured the current of the device at 3 V under
different pressures in order to study the stability of the
piezoresistive performance. Figure 8a shows that the cur-
rent is stable under a fixed pressure. For investigating the
sensitivity and repeatability of the device, we applied
square-wave voltage on the device which is shown at the
bottom of Fig. 8b. The low and high levels of the voltages
are 0 and 3 V, respectively. The duration of the low and
high levels are 10 s. We set the high level to be 3 V instead
of 0.2 V, mainly because of the big current and its varia-
tion. The high sensitivity of current to pressure leads the
current fluctuates seriously during the pressure changing
process. So we changed the pressure in the duration of 0 V
low level to prevent the current fluctuation, as shown in
Fig. 8b. The device shows a quick response and a good
repeatability in the sensing process.

‘TN

o 8%V
| 0.7
5 10°F 1.0
% /_/\ 19
S %8
o 3.0
e

8

(2]

")

o

[e]

N

9

o 10-4 1

50 100 150
Stress (kPa)

Fig. 7 The piezoresistance coefficient with the increasing stress in the
range of 0-163 kPa under different voltages
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We applied 0 and 150 kPa alternatively and 3 V con-
stant voltage on the device. The current varying with time
is shown in Fig. 9a. We found that the current increased
very fast when the pressure loaded. However, the current
decreased more slowly when the pressure unloaded. It can
be seen that when the pressure increases rapidly from O to
150 kPa, the current also increases rapidly, which indicates
that the device responses fast to pressure. The current
measured with the same force is basically consistent,
confirming the good repeatability and reliability of the
device. However, Fig. 9a shows that, when the pressure
dropped from 150 to O kPa, the current decreased quickly
at first (within one second), and then continued to decrease
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Fig. 9 The time-dependent current density with alternative 0 and
150 kPa and 3 V constant voltage applied on the device (a). The time-
dependent current density with a 143 kPa stress applied on the device
for 23 seconds and then the stress was removed (b)

slowly in the next 20 s. The gradually decreasing process
looks lasting for a long period.

As shown in Fig. 9b, we carried out a test with a longer
duration to study the slow response when the pressure is
removed. We applied a pressure (143 kPa) on the device
and kept the current stable for 23 s, then the pressure was
removed. We found that the current decreased with a fast
process and a slow process. The fast process lasted for less
than 1 s, while the slow process lasted for a period longer
than 840 s. We think that the fast process related to the
resilience of the elastic part of the PSS-PPV film, while the
slow process may relate to the slow resilience of the cage-
like POSS branches in the PSS-PPV molecules. The POSS
consists of many —Si—O- bonds. Its large volume makes
itself loose and deforms easily, exhibiting a soft charac-
teristic and a slow rebounding from deformation. It shows
that the PSS-PPV film is viscoelastic and difficult to
recover the deformation rapidly and completely when the
external pressure is removed. Thus the device current
decreased slowly with the slow complete recovering of the
PSS-PPV film deformation.

We can deduce that the creep occurred through the
phenomenon that the strain increases with time when a
constant stress is kept on a solid material (Cheng et al.
2000; Tweedie and Van Vliet 2006). The Voigt—Kelvin
parallel model is a simple classic model which describes
the mechanism of creep. The differential equation about
stress and strain is (FURUKAWA et al. 1984; Schuetrumpf
et al. 2012):

de
o) = Go+ 1% @)

where G is the modulus, # is the viscosity, € is the strain,
and o is the stress applied on the material. If we remove the
external stress, the model can also describe the stress-strain
relationship during the slow recovering process.

At the initial stable state, we can know from formula (2)
that t = 0, % =0, and. 6(0) = Ggg. When the pressure is
removed (o = 0), Eq. (2) should be:

de
7]5+G8=0. (3)

So the time-dependent strain should be:
o) =0 -e ™, )

where T = 1/G, the 1 is delay time, indicating the degree of
slow response of strain onto stress and describing the vis-
cous behavior of materials. A greater delay time represents
that a longer period is needed for the strain recovery.

The relationship between current density and strain can
be described by the equation below (see Eq. 17 and fig. 6
in reference Dai et al. 2013):
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where k represents the slope of the loading curve. So we can

combine the Eq. (4) with Eq. (5), then obtained Eq. (6) :

Inj(e) = ‘%Oe*% + Inj(0). (6)

We use Eq. (6) to fit the time-dependent current in
Fig. 9b, then obtained:

Inj(e;) = 2.25¢"% — 3.85. (7)

So the delay time is 550 s. It indicates that the device
shows a little slow on full recovery if the considerable
compression (143 kPa) is suddenly removed as the applied
high voltage (3 V) keeps on it.

We applied 2.5 kHz square-wave voltage on the device
to investigate the electrical stabilizing process. The circuit
is shown in the dotted line box in Fig. 2. We used a
function generator to output a continuous square-wave
voltage and applied on the device. We used an oscilloscope
to measure the voltage on the 50 Q resistor which was
connected in series with the circuit. The time-dependent
voltage is directly proportional to the device current, which
is shown in the inset of Fig. 10a. We found that the sta-
bilized voltage on the 50 Q resistor increased along with
the increasing stress, indicating that the stabilized current
increases and the device resistance decreases with the
increasing pressure.

We studied one of these cycles. As shown in Fig. 10a,
the device current decreased with the elapsing time at first
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and then reach a constant, indicating that the device needs a
period to form a stable built-in electric field. It can be seen
that this period becomes shorter if the pressure increases.
The trapped charges have been analyzed with the time
integration of current during this current stabilization per-
iod, which also shows the charge quantity required in the
establishment of a stable built-in electric field. We calcu-
lated these charge quantities from the time-dependent
voltage on the 50 Q resistor. The quantity of electric
charge and the time required in the device to establish a
stable electric field under different pressures are shown in
Fig. 10b. The required time and charges decrease obvi-
ously with the increasing stress when the device is pressed,
which means that the stress lessens carrier traps, making
carriers escape from traps more easily. The applied pres-
sure makes the PSS-PPV film tighter, more conductive,
filling fewer carrier traps, and faster forming of a
stable built-in electric field.

4 Conclusions

In summary, Young’s modulus of PSS-PPV film is mea-
sured with nanoindentation to be about 45 MPa. The
device ITO/PSS-PPV/ALI is fabricated and measured to
obtain the I-V and I-T characteristics under different
pressures. The piezoresistance coefficient of this device is
measured to be (1.86-20.0) x 107* Pa~!. The device
achieves the maximum piezoresistive coefficient
2.0 x 107 Pa—' at 111 kPa pressure and 0.2 V working
voltage. The working pressure ranges from 0 to 150 kPa
approximately. Further tests show that the device has good
repeatability, stability, and sensitivity. The applied pressure
enhances the conductivity of PSS-PPV device. We also
found that the time and charges required to form a
stable build-in electric field in the device decreased with
the increasing pressures.
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