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a  b  s  t  r  a  c  t

Piezoelectric  pressure  sensing  behaviors  of  high-density  and low-damage  CF4-plasma-treated  indium
gallium  zinc  oxide  (IGZO)  thin-film  transistors  (TFTs)  coated  by poly(vinylidene  fluoride-co-
trifluoroethylene)  (P(VDF-TrFE))  films  have  been  investigated.  The  CF4 plasma  treatment  was  performed
on the  IGZO  channel  by  using  an  inductively  coupled  plasma  (ICP)  system  with  a  quartz  filter.  Prior  to
the  fabrication  of  devices,  X-ray  diffractometer  (XRD)  and  atomic  force  microscopy  (AFM)  were  applied
to  identify  the enhancement  in  the  crystallinity  of  P(VDF-TrFE)  films  on  the  plasma-fluorinated  IGZO
films.  With  the  analyses  of  X-ray  photoelectron  spectroscopy  (XPS),  it is proved that  the  fluorine  radi-
cals  reacted  with  the  metal-oxygen  bonds  will  increase  the  oxygen  vacancies  in IGZO  films,  contributing
to  an  enhancement  in field  effect  mobility  (�FE) and  drain  current  (IDS) of  IGZO  TFTs.  Furthermore,  the
fluorine  atoms  diffused  from  the  IGZO  channel  into  the bottom  SiO2 layer  were  confirmed  by  secondary
ion-mass  spectroscopy  (SIMS),  reducing  the  interfacial  and  oxide  charges  of  the devices  for  a negative
shift in threshold  voltage  (Vt).  Under  a 0.5-kg  applied  force press/release  cyclic  test,  a  4.8-fold  increase
actile sensor
in  drain  current  response  of  1-min  CF4-plasma-treated  piezoelectric  pressure  sensors  was  optimized,
because  of the  enhanced  electrical  behaviors  of  IGZO  TFTs  and  an  increase  in  aligned  dipole  moments
of  P(VDF-TrFE)  copolymers.  The  promising  results  make  the piezoelectric  pressure  sensors  with  high-
density  and  low-damage  CF4-plasma-treated  IGZO  TFTs  coated  by  P(VDF-TrFE)  copolymer  suitable  for
future high-performance  tactile  sensing  applications.

© 2020  Elsevier  B.V.  All  rights  reserved.
. Introduction

Piezoelectricity is a well-known energy conversion technology
y transforming mechanical stress into electrical signal, extremely
mportant for the applications in energy harvesting, sensing and
ctuation [1–3]. Through the integration of piezoelectric devices
ith some specific modules, the functional piezoelectric system
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can be used in nanogenerator, electric cigarette lighter, robotic
skin, human healthcare, acoustic-electric guitars, piezoelectric
motor, and so on [4–9]. Traditionally, inorganic materials such as
Pb(Zr,Ti)O3 (PZT) show a high piezoelectric coefficient value of
about 400 pC/N, which is approximately one order of magnitude
larger than that of the organic materials [10]. Here, polyvinyli-
denefluoride (PVDF) has been used because of the environmental
friendliness and low processing temperatures, attracting substan-
tial interest in biomedicine and flexible electronics [11]. The
crystalline forms of �-, �-, �-, �-, and �-phases are observed in
PVDF, altered by the fabricating process such as annealing, blend-

ing, and mechanical stretching [12–14]. Although �-phase is the
most thermodynamically favorable chain conformation, it is non-
polar and needs to be converted into polar �-phase for a larger
spontaneous polarization. Thus, the highly crystalline �-phase of

https://doi.org/10.1016/j.sna.2020.111855
http://www.sciencedirect.com/science/journal/09244247
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Fig. 1. Fabrication procedures of the piezoelectric pressure sensors with high-density and damage-free CF4-plasma-treated IGZO TFTs coated by piezoelectric P(VDF-TrFE)
copolymers. (a) n+-Si (100) wafers with standard RCA clean, (b) SiO2 gate dielectric oxidation in a horizontal furnace at 850 ◦C, (c) IGZO deposition in dc sputtering system
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e)  Al electrode formation at source and drain regions to finish the IGZO TFTs, (f) sp
late,  and (h) force applied through a tip on P(VDF-TrFE) copolymers to measure th

VDF is required and the trifluoroethylene (TrFE) is blended into
VDF to form the P(VDF-TrFE) for better piezoelectric properties
15–18]. To further enhance the piezoelectric behaviors of P(VDF-
rFE) copolymers, the low-temperature solvent vapor annealing,
ilayer poly(methyl methacrylate) (PMMA)/P(VDF-TrFE) structure,
nd the incorporation of nanosized insulating and conductive fillers
ave been implemented [19–23].

To evaluate the characteristics of piezoelectric materials and
pply the films in pressure sensing, bottom-gated thin-film tran-
istors (TFTs) are the most commonly used devices with the
iezoelectric film coated on the topside of the channel [24–26]. It

s reported that the amorphous InGaZnO (a-IGZO) film has been
onsidered as a promising TFT channel material due to its high
obility, high transparency, and low-temperature process [27–29],

ompared to those of the silicon-based materials. Recently, some
esearchers suggested that the performance of IGZO TFTs can be
nhanced by the modification of IGZO film composition, the reduc-
ion of contact resistance, and plasma treatment [30–35]. For the
2 plasma treatment, it can passivate the oxygen vacancies and

nduce the carriers of shallow donors of IGZO TFTs [32]. How-
ver, the hydrogen intrusion into the interior of IGZO thin films
ill degrade the conductive nature, which can be recovered and

essened by the N2O plasma [33]. In addition, the Ar plasma can
educe the trap density between gate insulator and IGZO channel
nd the contact resistance between the Pt/Ti source/drain elec-
rode and IGZO channel, respectively, increasing the on-current of

FTs [34]. Huang et al. performed the CHF3 and O2 mixed plasma
n back channel of IGZO and dielectric/IGZO interface to elimi-
ate the metal-hydroxyl (M–OH) defects induced by the moisture
bsorption in air for the improved stability of device performances
 IGZO channels in an inductively coupled plasma (ICP) system with a quartz filter,
ting of P(VDF-TrFE) copolymers, (g) thermal annealing at 130 ◦C for 2 h on the hot

ent response of piezoelectric pressure sensors.

under positive-gate-bias-stress (PGBS) [35]. Nevertheless, with the
traditional plasma system, the generation efficiency of plasma is
extremely low and the plasma damage on IGZO TFTs is quite seri-
ous [36,37]. Up to now, a high-density and low-damage plasma has
not yet been treated on IGZO films and the impacts of plasma fluori-
nation on piezoelectric pressure sensors with P(VDF-TrFE)-coated
IGZO TFTs have not been explored. In this study, the piezoelec-
tric pressure sensing properties of high-density and low-damage
CF4-plasma-treated IGZO TFTs with P(VDF-TrFE) film coated on the
topside of IGZO channel are investigated. The material natures of
plasma-fluorinated IGZO layers and P(VDF-TrFE) films on IGZO are
identified by X-ray photoelectron spectroscopy (XPS) binding anal-
ysis, secondary ion mass spectroscopy (SIMS) depth profiles, X-ray
diffractometer (XRD) patterns, and atomic force microscopy (AFM)
images. In addition to the improvement in basic electrical behaviors
of IGZO TFTs, a significant enhancement in drain current response of
the high-density and low-damage CF4-plasma-treated piezoelec-
tric pressure sensors under a vertical force applied on P(VDF-TrFE)
copolymers is proposed, demonstrating the superior piezoelectric
pressure sensing behaviors for future applications of P(VDF-TrFE)-
coated IGZO TFTs in tactile sensors.

2. Experimental

2.1. Sample preparation
Piezoelectric pressure sensors with high-density and low-
damage CF4-plasma-treated IGZO TFTs coated by P(VDF-TrFE)
copolymers were prepared. After the RCA cleaning of the back-gate
(BG) n+-Si wafers, a 50-nm-thick SiO2 film was  thermally grown as
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Fig. 2. (a) O 1s XPS spectra at film surface of the IGZO films under different CF4 plasma treatment times. (b) XPS peak-area-ratios (PARs) of metal-oxygen bonds (M–O),
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xygen  vacancies (Vo) and metal-hydroxyl bonds (M–OH) of these samples. (c) In 3d
d)  XPS PARs of indium atoms (In(3d3/2)), indium–oxygen bonds (In2O3) and indium
tructure under different CF4 plasma treatment times. (f) XRD spectra of the P(VDF

he dielectric material in a horizontal furnace at 850 ◦C (Fig. 1(a) and
b)). Then, the samples were subjected to the dc sputtering chamber
or the deposition of IGZO films as channel materials. To remove the
ative surface oxide of the target, the sputtering system was first
umped down to the background pressure of 10−5 Torr and a 3-inch

GZO target with stoichiometric In:Ga:Zn:O ratio of 1:1:1:4 (99.99%
urity) was pre-cleaned for 10 min  by the argon plasma. After that,

 50-nm-thick IGZO layer was deposited via dc sputtering using the
rgon plasma (dc power of 100 W,  argon gas flow of 20 sccm and

as pressure of 6 mTorr) and patterned by a shadow mask with a
hannel width of 1 mm,  as shown in Fig. 1(c). After the active area
ad been formed, a high-density and low-damage CF4 plasma treat-
ent was performed on IGZO thin films at a radio-frequency (rf)
pectra at film surface of the IGZO films under different CF4 plasma treatment times.
rine bonds (InF) of these samples. (e) SIMS depth profiles of the IGZO/SiO2 stacked

 copolymers on the CF4-plasma-treated IGZO films.

power of 100 W for 1, 3 and 5 min  by using an inductively coupled
plasma (ICP) system (KD-ICP/RIE, KaoDuen Tech. Corp., Taiwan)
with a quartz filter. The filter was used to block ultra-violet (UV)
photons and ions, and only the neutral and highly-reactive fluo-
rine radicals were treated on IGZO films (Fig. 1(d)), as proposed
in our previous study on nonvolatile memories [38]. The operat-
ing pressure of the chamber and the gas flow of the CF4 ambient
were 300 mTorr and 300 sccm, respectively. Next, a 120-nm-thick
Al film was  deposited by a thermal evaporator at 10−6 Torr with

a pure Al bullet (99.999% purity) and patterned by a lift-off pro-
cess to form the source and drain contacts at a distance of 3.5 mm,
as shown in Fig. 1(e). For the material synthesis, the P(VDF-TrFE)
powder (70:30 mol  %) provided by Piezotech S.A.S., France was dis-
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ig. 3. AFM topographic images of the P(VDF-TrFE) copolymers on the (a,e) untrea
nnealing, respectively. The surface roughness (r.m.s.) measured by topographic im

olved in dimethylformamide (DMF) at a concentration of 5.0 wt.
. The solution was spin-coated on the plasma-fluorinated IGZO
FTs at 750 rpm for 30 s in a glove box (Fig. 1(f)). An appropriate
hear stress from spin-coating procedure can improve the dipole
oment alignment of P(VDF-TrFE) copolymers [39]. The thickness

f P(VDF-TrFE) films measured by ellipsometry was approximately
50 nm.  After the piezoelectric films had been formed, all samples
ere baked at 120 ◦C to dry the films and then annealed at 130 ◦C

or 2 h on a hot plate to induce the crystallinity of the P(VDF-TrFE)
lms (Fig. 1(g)), especially the �-phase, so as to order the elec-

ric dipoles to obtain piezoelectricity [40]. Finally, the piezoelectric
(VDF-TrFE) films were patterned by photolithography to open the
ource and drain areas for probing. The entire fabrication proce-
ures of the piezoelectric pressure sensors with high-density and

ow-damage CF4-plasma-treated IGZO TFTs coated by P(VDF-TrFE)
opolymers were illustrated in Fig. 1(a)-(g).

.2. Characterization of materials and devices

Following the CF4 plasma treatment, the surface morphology of
GZO layers and P(VDF-TrFE) films before and after crystallization

as investigated by using a Bruker AXS MultiMode8 AFM sys-
em (Bruker AXS GmbH, Germany). The composition and chemical
onds of IGZO films under different CF4 plasma treatment con-
itions were detected by SIMS depth profiling using a TOF-SIMS

 system (ION-TOF GmbH, Germany) and XPS using a VG ESCA
cientific theta probe spectrometer (Thermo Fisher Scientific Inc.,
SA) with a pass energy of 50 eV at a take-off angle of 53◦ and
l K� (1486.6 eV) radiation as the excitation source, respectively.
urthermore, the crystallinity of P(VDF-TrFE) films on the plasma-
uorinated IGZO layers was examined by XRD using a Bruker D2
haser system (Bruker AXS GmbH, Germany) with Cu K� (8.04 keV)
adiation as the excitation source. To realize the diffusion of fluorine
toms from the plasma-fluorinated IGZO films to the P(VDF-TrFE)
opolymers, the XPS analysis was also performed on P(VDF-TrFE)
lms. For the characterization of piezoelectric pressure sensors
ith IGZO TFTs coated by P(VDF-TrFE) films, the force was  applied
sing a MAX-1KN-H automatic load tester (Japan Instrumentation
ystem Co., Ltd., Japan) equipped with a force gauge. A tip size of

 mm in diameter, larger than that of the channel width, was  used to
pply an equal vertical force of 0.1 − 0.5 kg, as illustrated in Fig. 1(h).
d (b,f) 1-, (c,g) 3-, and (d,h) 5-min CF4-plasma-treated IGZO films before and after
as noted in these figures.

The drain current versus back-gate voltage (IDS–VBG) and drain cur-
rent versus drain voltage (IDS–VDS) curves of the plasma-fluorinated
IGZO TFTs were measured using a Keithley 4200 semiconductor
characterization system (Tektronix, Inc., USA).

3. Results and discussion

3.1. Material analyses of IGZO films and P(VDF-TrFE) copolymers
on IGZO

Fig. 2(a) shows the O 1s XPS spectra at film surface of the IGZO
films under different CF4 plasma treatment times. The spectra can
be deconvoluted into three components, i.e. metal-oxygen bonds
(530.1 eV), oxygen vacancies (530.9 eV) and metal-hydroxyl bonds
(531.8 eV) [41]. The peak-area-ratios (PARs) of all deconvoluted
spectra were calculated and are summarized in Fig. 2(b). It is worthy
to note that the PARs of oxygen vacancies (Vo) and metal-oxygen
bonds (M–O) increase and decrease, respectively, owing to the reac-
tion of highly-reactive fluorine radicals with M–O  bonds [42]. The
increased amount of fluorine incorporation into the IGZO films with
an increase in high-density CF4 plasma treatment time was exam-
ined by the F 1s XPS spectra and is demonstrated in Fig. S1. On
the other hand, the PARs of metal-hydroxyl bonds (M–OH) keep
the same for the IGZO films under different CF4 plasma treatment
times because the IGZO layers are protected by the hydrophobic
P(VDF-TrFE) films to avoid the moisture absorption, which can be
confirmed by the similar behavior of O 1s spectra at the depth of
10 nm from the IGZO film surface (Fig. S2). Fig. 2(c) presents the
In 3d XPS spectra of the IGZO films under different CF4 plasma
treatment times. In this figure, the sub-spectra of In 3d5/2 con-
sisted of three components, which can be assigned to indium atoms
(443.8 eV), indium–oxygen bonds (444.9 eV) and indium-fluorine
bonds (445.9 eV), respectively [43–46]. To identify the influences
of high-density CF4 plasma treatment on IGZO films, the PARs of
all deconvoluted spectra were calculated and are summarized in
Fig. 2(d). For the films with CF4 plasma treatment, the peak of
indium-fluorine bonds (InF) occurs and the PAR increases with

an increase in plasma treatment time as a result of the increased
amount of highly-reactive fluorine radicals (Fig. S1), leading to a
decrease in PARs of indium atoms (In(3d3/2)) and indium–oxygen
bonds (In2O3). The same trending can be observed for the Ga 2p
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Fig. 4. (a) Optical microscopy (OM) image of the IGZO TFTs coated by the P(VDF-TrFE) copolymers for the piezoelectric pressure testing. (b) Typical IDS–VBG transfer
characteristics at VDS = 0.1 V of the IGZO TFTs with and without CF4 plasma treatment. The back gate bias was swept from –2.5 to 20 V. (c) Dependence of CF4 plasma
treatment time on field-effect mobility (�FE) and subthreshold slope (S.S.) of IGZO TFTs. (d) Output characteristics of untreated and 1-min CF4-plasma-treated IGZO TFTs
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easured at VBG – Vt = 1 to 5 V.

nd Zn 2p XPS spectra as shown in Figs. S3 and S4 respectively.
ig. 2(e) exhibits the SIMS depth profiles of the IGZO/SiO2 stacked
tructure under different CF4 plasma treatment times. It can be
bserved that the fluorine atoms have diffused to the IGZO/SiO2

nterface and further into the SiO2 dielectrics. In addition, more
uorine atoms are incorporated into the IGZO and SiO2 layers with

onger CF4 plasma treatment time, passivating the defects at the
GZO/SiO2 interface and in the SiO2 dielectrics, which will be dis-
ussed later. Fig. 2(f) shows the XRD spectra of the P(VDF-TrFE)
opolymers on the plasma-fluorinated IGZO films. The XRD pat-
erns illustrate that the high-density CF4 plasma treatment on IGZO
lms has a strong effect on the crystallinity in P(VDF-TrFE) as shown
y the changes in the intensity of the peak at 2� ≈ 20◦. With an

ncrease in CF4 plasma treatment time, the �-phase of P(VDF-TrFE)
lms is remarkably enhanced. Furthermore, the C 1s XPS spec-

ra of the P(VDF-TrFE) copolymers on the plasma-fluorinated IGZO
lms before and after the annealing process are shown in Fig. S5.
he spectra at film surface of the P(VDF-TrFE) copolymers can be
econvoluted into four peaks at the binding energies of 286.3, 287,
88.7, and 291.2 eV for C-H2, C–F, C FH, and C-F2 bonds, respec-
ively [47]. To realize the diffusion of fluorine atoms, the PARs of
he fluorine-related deconvoluted spectra, i.e. C–F, C FH and C-F2
onds, with respect to the C-H2 bond before and after the annealing
rocess were calculated and are illustrated in inset of Fig. S5. For

he samples without annealing, the PARs of the P(VDF-TrFE) films
re almost the same. On the other hand, after the annealing pro-
ess, the PARs gradually increase with an increase in CF4 plasma
treatment time, indicating the diffusion of fluorine atoms from
the high-density CF4 plasma-treated IGZO films to the P(VDF-TrFE)
copolymers.

Topographic images of the untreated and high-density CF4-
plasma-treated IGZO films with a field of view of 10 �m × 10 �m
were collected and are shown in the plot of the surface roughness
(r.m.s.) in Fig. S6. A negligible roughness change (0.44–1.67 nm)
is observed on IGZO films before and after the plasma treat-
ment, implying a low-damage plasma treatment system with a
quartz filter. After the spin-coating of the P(VDF-TrFE) films on
IGZO layers, the surface roughness of the P(VDF-TrFE) films is
approximately 16–20 nm,  as shown in Fig. 3(a)-(d). Subsequently,
all films were annealed to induce the crystallinity and the topo-
graphic images of these films were examined and are presented in
Fig. 3(e)-(h). In these images, the dark and bright areas are iden-
tified as the amorphous and crystalline portions respectively, as
proposed by Solnyshkin et al. [48]. Compared with that of the
P(VDF-TrFE) copolymer on the untreated one, the crystalline frac-
tion of the films on the high-density CF4-plasma-treated IGZO
layers increases dramatically. Additionally, the change in the r.m.s.
values of the P(VDF-TrFE) films before and after annealing is signifi-
cantly increased with an increase in CF4 plasma treatment time. It is
suggested that the rougher surface of the P(VDF-TrFE) copolymers
can be ascribed to the improved crystallinity [49], meaning that the

high-density CF4 plasma treatment on IGZO layers can enhance the
crystallinity in P(VDF-TrFE) films, as revealed in the XRD patterns
of Fig. 2(f).
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Fig. 5. IDS–VBG characteristics of (a) untreated and (b) 1-min CF4-plasma-treated piezoelectric pressure sensors before and after applying a vertical force. The force was
ranged  from 0.1 to 0.5 kg. (c) Statistical distributions of the current response of the CF4-plasma-treated piezoelectric pressure sensors after applying different forces. At least
20  samples were measured for each of the force applied. (d) Time-dependent current response of the piezoelectric pressure sensors without and with CF4 plasma treatment
for  1 min  during a press/release cyclic test. The current was measured at VBG – Vt = 5 V and VDS = 0.1 V under the force applied at 0.5 kg for 10 s and then released for 10 s
repeatedly.
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ig. 6. The schematic diagrams of (a) untreated and (b) CF4-plasma treated piezoele
he  force applied, respectively.

.2. Electrical behaviors of piezoelectric pressure sensors with
GZO TFTs coated by P(VDF-TrFE) copolymers

Fig. 4(a) shows the optical microscopy (OM) image of the IGZO

FTs coated by P(VDF-TrFE) copolymers for the piezoelectric pres-
ure testing. It is clearly observed that the tip is placed at the center
f the channel to effectively offer the piezoelectric dipole moments
f the P(VDF-TrFE) film on the IGZO channel. Fig. 4(b) presents the
ressure sensors with IGZO TFTs coated by P(VDF-TrFE) copolymers before and after

typical IDS–VBG transfer characteristics at VDS = 0.1 V of the IGZO
TFTs with and without CF4 plasma treatment. The back gate bias
was swept from –2.5 to 20 V. For the IGZO TFTs with CF4 plasma
treatment on the channel, a significant threshold voltage (Vt) shift

toward the negative direction is observed, which can be ascribed to
the passivation of defects at the IGZO/SiO2 interface and in the SiO2
gate dielectrics by the high-density and low-damage CF4 plasma
treatment [50,51]. Thus, the subthreshold slope (S.S.) of the IGZO
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FTs with an increase in high-density CF4 plasma treatment time
ecreases from 2.4 to 1.35 V/dec, as shown in Fig. 4(c). Further,
he field-effect mobility (�FE) of the devices increases from 8.24 to
4.5 cm2/V·s due to the reduction of charges in SiO2 gate dielectrics
nd an increase in oxygen vacancies of IGZO films [52], as shown in
ig. 2(b). After the coating of piezoelectric P(VDF-TrFE) copolymers
n the CF4-plasma-treated IGZO TFTs, there is no obvious change in
ransfer characteristics, as shown in Fig. S7. In order to investigate
he drive current (IDS), the output characteristics of these samples
ere measured at VBG – Vt = 1 to 5 V and are shown in Fig. 4(d) and

ig. S8 respectively. It can be found that the CF4 plasma treatment
an effectively enhance the drive capability of IGZO TFTs because
f an increase in carrier mobility, as presented in Fig. 4(c).

Fig. 5(a) and (b) and Fig. S9 demonstrate the IDS–VBG character-
stics of the piezoelectric pressure sensors with IGZO TFTs coated by
(VDF-TrFE) copolymers before and after applying a vertical force.
he force was ranged from 0.1 to 0.5 kg. Compared with that of
he samples without a force applied, the drain current of the sen-
ors increases with an increase in the force applied. It is reported
hat the current modulation with respect to the force applied of
he piezoelectric pressure sensors can be attributed to the charge
enerated from the piezoelectric P(VDF-TrFE) copolymers [53], as
ormulated by Q = d33 × F, where Q is the charge generated from
he piezoelectric dipoles, d33 is the piezoelectric coefficient and F is
he force applied on P(VDF-TrFE) films. Specially, the sensors with

 longer CF4 plasma treatment time exhibit a larger enhancement
n drain current under a force applied, which can be referred to the
mproved crystallinity in the fluorine-incorporated P(VDF-TrFE)
opolymers for more piezoelectric charges generated, as shown
n Fig. 2(f). Here, the current response, which is considered as the
urrent modulation normalized by the initial drain current, can be
alculated according to the following equation [54],

urrent response =
(
I − I0
I0

)
× 100% =

(
�I

I0

)
× 100% (1)

here I0 and I are the drain current of the piezoelectric pressure
ensors measured at VBG–Vt = 5 V and VDS = 0.1 V without and with

 force applied on P(VDF-TrFE) copolymers respectively. The sta-
istical distributions of the current response of the piezoelectric
ressure sensors after applying different forces were calculated

rom the IDS–VBG transfer characteristics and are presented in
ig. 5(c). At least 10 samples were measured for each of the force
pplied. For the untreated piezoelectric pressure sensors, the cur-
ent response is only 5.6% after applying a force of 0.5 kg. On the
ther hand, for the samples with CF4 plasma treatment for 1 min, a
ignificant increment in current response of the piezoelectric pres-
ure sensors is obtained, achieving ∼ 480% under a 0.5-kg force.
s the CF4 plasma treatment time increases to more than 3 min,

he current response of the sensors is reduced, due to the higher
rain current of the IGZO TFTs under a longer CF4 plasma treat-
ent time, as revealed in the output characteristics of Fig. 4(d) and

ig. S8. Fig. 5(d) shows the time-dependent current response of the
iezoelectric pressure sensors without and with CF4 plasma treat-
ent for 1 min  during a press/release cyclic test. The current was
easured at VBG–Vt = 5 V and VDS = 0.1 V under the force applied

t 0.5 kg for 10 s and then released for 10 s repeatedly. To show
he curves on the same scale, a multiplication factor of ten had
o be used in the current response of the sensors without treat-

ent. A high current response and repetitive press/release test of
he piezoelectric pressure sensors with CF4 plasma treatment for

 min  is obtained, suitable for future high-efficient tactile sensors.
ig. 6(a) and (b) show the schematic diagrams of the untreated and

F4-plasma-treated piezoelectric pressure sensors with IGZO TFTs
oated by P(VDF-TrFE) copolymers respectively before and after
he force applied. P(VDF-TrFE) is a crystalline copolymer in which

onomer units of PVDF (−CH2-CF2-) and TrFE (-CF2-CFH-) are con-
s and Actuators A 304 (2020) 111855 7

nected. However, there are some defects and imperfections within
the P(VDF-TrFE) chains, leading to the capture of charges and hin-
dering the switchable polarization. For a P(VDF-TrFE) copolymer on
the CF4-plasma-treated IGZO channel, the fluorine atoms diffused
from the IGZO film to the P(VDF-TrFE) copolymer during annealing
(Fig. S5), passivating the imperfections and enhancing the crys-
tallization at the bottom of P(VDF-TrFE) films. Thus, the aligned
dipole moments of the P(VDF-TrFE) copolymers on the CF4-plasma-
treated piezoelectric pressure sensors are significantly enhanced,
inducing more electrons on the IGZO channel and thus resulting in
the enhanced current response in Fig. 5(c) and (d).

4. Conclusion

In this study, the piezoelectric pressure sensors with high-
density and low-damage CF4-plasma-treated IGZO TFTs coated by
P(VDF-TrFE) copolymers were developed. The plasma-fluorinated
IGZO films and fluorine-incorporated P(VDF-TrFE) copolymers are
identified using SIMS depth profiling, XPS characterization, XRD
analysis, and AFM imaging. By examining the IDS–VBG curves of
the plasma-fluorinated IGZO TFTs, an enhancement in �FE and IDS
and a negative shift in Vt are found due to an increase in oxygen
vacancies of IGZO films and the reduction in the interfacial and
oxide charges of SiO2 layer, respectively. In addition, a drain current
response multiplied by a factor of 4.8 under a 0.5-kg force applied
on P(VDF-TrFE) copolymers is obtained for the plasma-fluorinated
piezoelectric pressure sensors. The high-density and low-damage
CF4-plasma-treated IGZO TFTs with the P(VDF-TrFE) film coated on
the topside of IGZO channel offer a piezoelectric pressure sensing
device for the high-performance tactile sensing that can be inte-
grated into robotic skin.
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