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Abstract— Thin-Film Transistors (TFTs) play a vital role
in flexible electronics. Here, vacuum-processed amorphous
Indium–Gallium–Zinc–Oxide-based TFTs are fabricated on
a 50 µm thick polyetheretherketone (PEEK) flexible sub-
strate. The AC and DC performances of TFTs with channel
length down to 3 µm are studied. The devices exhibit ef-
fective mobility, threshold voltage, and on/off current ratio
19.6 cm2 V−1 s−1, 2.9V, and 3×1010, respectively. To address
device stability, bias stress tests are performed, resulting in
the maximum variation in the threshold voltage of +0.3V
and −0.6V for a gate voltage stress of +5V and −5V,
respectively, applied for 10min. The AC performances of
IGZO-based TFT on this substrate are reported for the
first time. Here, the measured unity gain current frequency
and unity gain power frequency are 5.4MHz and 28.5MHz.
Additionally, the TFTs stay fully functional when bent to
radii as small as 3mm exhibiting only minor mobility and
threshold voltage variations of +0.4% and −0.2V. After a
dynamic bending test up to 5000 cycles, the mobility and
threshold voltage of the TFT deviate by +12.9% and +0.2V,
respectively. These results demonstrate that biocompatible
PEEK is a potential substrate for the realization of future
unobtrusive wearable systems.

Index Terms— Flexible electronics, Indium-gallium-zinc-
oxide, Polyetheretherketone, Thin-film transistors.

I. INTRODUCTION

STARTING from the demonstration of first flexible transis-
tors in the 1960s [1], the field of flexible electronics has

rapidly expanded. This has been driven by the unique prop-
erties of deformable, lightweight, and large area electronics
on flexible substrates [2], which are relevant for applications
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Fig. 1. Thin-film electronics on a flexible PEEK substrate. a) Image of a
fully processed PEEK substrate (Scale bar: 5mm) b) AFM image (Scale
bar: 1 µm) and c) optical transmittance of PEEK and PI foils, and image
inset illustrating the transparency of the PEEK foil.

such as flexible display [3], soft robotics [4], sensor systems
[5], and integrated circuits [6], [7]. Such applications have
been made possible by progress in materials science enabling
the fabrication of more and more advanced flexible devices.
Here, the employment of advanced substrates, combining
mechanical flexibility and stability with sufficient chemical
and thermal resistance, is a key aspect. A variety of substrates
including polyethylene naphthalate (PEN) [8], polyethylene
terephthalate (PET) [9], polyimide (PI) [10], metal foil [11],
paper [12], or flexible glass [13] are used. In this regards,
a possible alternative is polyetheretherketone (PEEK), which
is a semi-crystalline thermoplastic that exhibits outstanding
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Fig. 2. Fabrication and DC performance of IGZO TFTs on PEEK. a) Schematic cross-section. b) Micrograph of an individual TFT (Scale bar:
100 µm, G =gate, S =source, and D =drain). c) Transfer, d) output, and e) frequency-dependent capacitance-voltage characteristics of a TFT with
W/L ratio: 56 µm / 3 µm. f) Average and standard deviation performance parameters of all measured nine TFTs.

mechanical and chemical properties, high thermal stability,
and low friction coefficient [14], [15]. This thermoplastic is
extremely valuable thanks to its bone-like elastic modulus
[16], radiolucency [17], and biocompatibility [18]. Further-
more, it was approved as a medical-grade material by the
Food and Drug Administration (FDA) in the late 1990s,
and recently studied and used as a substitute for metallic
implant materials [19], showing its potential for flexible and
implantable electronics. In addition, PEEK is biocompatible
and recyclable [20], [21], helping the reduction of plastic
waste, as reported in the United Nations (UN) Agenda 2030
for Sustainable Development [22]. In parallel, different Thin-
Film Transistor (TFT) technologies have been investigated.
Among the various semiconductors, such as organics [23],
non-crystalline silicon [24], poly-crystalline silicon [25], or
2D-materials [26], metal oxide semiconductors and in partic-
ular amorphous InGaZnO (IGZO) [27], offer good electrical
properties, large-area uniformity, better transparency, and low-
temperature processability [28].

Here, the fabrication of IGZO-based TFTs directly on this
biocompatible foil is demonstrated. Although IGZO-based
TFTs fabricated on PEEK are presented [29], no compre-
hensive discussion is reported on these devices’ electrical,
mechanical, and reliability performance. Both AC and DC
performances are reported, resulting in effective mobility µeff

of 19.6 cm2 V−1 s−1, a threshold voltage VTH of 2.9V, unity
gain frequency of current gain h21 of 5.4MHz, unity gain
frequency of maximum stable gain (MSG) of 28.5MHz. Bias
stress tests as well as static and dynamic bending experiments
are performed, proving TFT functionality down to 3mm
bending radius and after five thousand cycles.

II. FABRICATION

The fully processed substrate is shown in Fig. 1a. Bottom-
gate inverted-staggered IGZO TFTs were fabricated on a 7 cm
x 7 cm large and 50 µm thick flexible PEEK (BIEGLO GmbH)
foil. In order to investigate the suitability of PEEK as a
polymeric substrate for device fabrication, AFM measure-
ments were performed. The surface roughness of the PEEK
foil was measured to be 8.2 nm, which is comparable to
that of polyimide (Kapton), with a roughness of 5.6 nm, as
shown in Fig. 1b, encouraging the employment of PEEK as
carrier substrate for thin-film electronics. Additionally, optical
measurements were conducted to assess the transmittance of
the PEEK foil. The transmittance value was calculated by
taking the average value of the transmittance in the visible
and near-infrared wavelength region (450 nm - 900 nm) [30].
The transmittance of the PEEK foil resulted in an average
value of 55%, which is close to the transmittance of 67%
observed for the polyimide foil (see Fig. 1c). The fabrication
was performed on a free-standing substrate using standard
UV lithography. First, the substrate was cleaned in acetone
and isopropanol for 5 min each. The substrate was then dried
in an oven at 200 ◦C for 24 h. A 35 nm thick Ti gate layer
was deposited by e-beam evaporation (Plassys) and structured
by lift-off. Afterwards, a 25 nm Al2O3 gate insulating layer
was grown by atomic layer deposition (Picosun Sunale R-
150B) using a deposition temperature of 150 ◦C. This was the
highest temperature used during the fabrication process. Next,
a 15 nm thick IGZO layer was deposited by room temperature
RF magnetron sputtering using a ceramic target with atomic
composition of In:Ga:Zn:O =1:1:1:4 (PVD system). Both



Al2O3 and IGZO were individually structured by wet etching.
The fabrication process was concluded by the deposition of
source and drain contacts utilizing 10 nm/60 nm of e-beam
evaporated Cr/Au patterned by lift-off. A schematic diagram
of the cross-section of the IGZO TFTs is shown in Fig. 2a,
while micrograph of an individual TFT is shown in Fig. 2b.

III. RESULTS AND DISCUSSION

A total of 18 TFTs with different channel width (W) over
length (L) ratios were characterised. The measurements were
all done in a standard lab, and the Shichman-Hodges model
was used to get all the performance parameters from TFTs in
the saturation regime [31].

A. DC performance

DC characteristics of TFTs with nine different channel
width (W) over length (L) ratios ranging from 56 µm/3 µm
to 315 µm/111 µm were measured using a Keysight B1500A
parameter analyzer. Representative transfer and output char-
acteristics of a TFT with 3 µm channel length are shown in
Figs. 2c and 2d. The TFT exhibits an effective mobility µeff

of 19.6 cm2 V−1 s−1, an on-off current ratio ION /IOFF of
3×1010, a threshold voltage VTH of 2.9V, and a substhreshold
swing SS of 233mVdec−1. At the same time, the gate leakage
current is always smaller than 10−12 A. The corresponding
average values and standard deviations for all measured TFTs
are summarised in Fig. 2e. These values result in a maximum
transconductance gm of 0.62mS for the 3 µm long TFT and
are comparable to other flexible IGZO TFTs fabricated on
more conventional polymer substrates [32].

Additionally, the gate capacitance was measured for differ-
ent frequencies (all within the operational range of the device)
and gate bias voltages while the source and drain contacts
were grounded. A representative measurement is shown in
Fig. 2f. A TFT with 3 µm channel length and overlaps between
gate and source-drain contacts of 36 µm, exhibits a low-
frequency total gate capacitance CG of 13.2 pF and a total
overlap capacitance (measured while the transistor is off) of
5.5 pF. The average resulting specific gate oxide capacitance
is 3.4mFm−2. Furthermore, the measurement illustrates the
frequency dependency of the channel capacitance, typical for
TFT with the employed geometry [33].

B. Reliability performance

To evaluate the electrical stability of the TFTs fabricated on
the PEEK substrate, positive bias stress (PBS) and negative
bias stress (NBS) tests of TFTs with 6 different W/L ratios
ranging from 315 µm/5 µm to 315 µm/82 µm were carried out
at room temperature. Gate voltages of ±1.25V, ±2.5V, and
±5V are applied for 60 s, 120 s, 300 s, and 600 s, while the
drain and source terminal is grounded. For every measurement,
a new TFT was used. After every stress duration transfer and
output characteristics are measured, as shown in Figs. 3a-b
and Figs. 3d-e. A gate voltage of +5V leads to a maximum
variation in VTH , µeff , and SS of +0.3V, +18%, and
+11.7%, respectively. As shown in Fig. 3c positive trends

are obtained in the VTH shift during the PBS test because
of the charge trapping between the active and dielectric layer
or formation of defects in active channel layers [34]. After
applying −5V gate voltage, maximum deviation in VTH ,
µeff are reported −0.6V, −21%, respectively. The significant
change in SS, are observed +38.5%. For the NBS, negative
trends are attained in the threshold voltage shift in Fig. 3f. The
free electrons created in the active layer during an extended
period of stress time are the cause for the negative VTH shift.

C. AC performance

The TFTs AC performance can be estimated by the transit
frequency fT , based on the following ideal equation [35]:

ft =
gm

2πCG
(1)

However, here the AC performance was also directly mea-
sured by acquiring the TFT´s S-parameters using a Keysight
E5061B ENA network analyzer. To ensure reliable measure-
ments Ground-Signal-Ground (GSG) RF probes, matching the
GSG layout of the TFTs were used. Fig. 4a shows the S-
parameters of a 3 µm long TFT biased at VDS =VGS =5V.
The S-parameters are used to calculate the current gain h21

(Fig. 4b), which in turn can be used to experimentally de-
termine fT as the unity gain frequency of h21. The measured
value of fT is 5.4MHz, which is close the 7.5MHz estimated
using Equation 1. Additionally, the S-parameters are also used
to calculate the maximum stable gain MSG (Fig. 4c). These
are used to determine fmax as the maximum frequency at
which the TFT can provide power gain. The resulting fmax

value, extracted from MSG is 28.5MHz. The found fT and
fmax frequencies are in line with the performance of other
flexible IGZO TFTs [30], and illustrate that these devices can
be used for the realization of analog circuits.

D. Static Bending performance

To evaluate the mechanical performance of the TFTs on
PEEK substrates, DC measurements were performed while
the substrate was subsequently wrapped around cylindrical
rods with different radii (15mm, 5mm, 4mm, and 3mm).
This induced tensile mechanical strain up to 0.8% parallel
to the TFT channels calculated according to [36]. The device
(W/L =56 µm/7.5 µm) stayed fully functional while being bent
and re-flattened (shown in Fig. 5). Here a bending radius of
3mm induced the largest parameter shifts, which were +0.4%
in µeff , −0.2V in VTH , and +5.9% in SS. At the same
time, radii below 3mm caused permanent failure due to the
formation of cracks. The variations in the bending performance
are in the same order of magnitude as those seen with other
flexible substrates [37], this is attributed to the elastic modulus,
and Vickers microhardness of pure PEEK reaching values of
3.9GPa and 21.7GPa, respectively [38].

E. Dynamic bending performance

The mechanical stability of the TFTs was further inves-
tigated by dynamic bending test of the devices. The TFT



Fig. 3. Reliability performance: Representative evolution of (a) transfer and (b) output characteristics of the IGZO TFTs subjected to a positive
gate voltage stress. c) Summary of threshold voltage shift as a function of time at different positive gate voltage stress. d) Transfer and e) output
characteristics of the IGZO TFTs subjected to a negative gate voltage stress. f) Summary of threshold voltage shift as a function of time at different
negative gate voltage stress.

Fig. 4. AC performance: a) S-parameter measurements, b) Absolute value of current gain, and c) Maximum stable gain for different frequencies.

Fig. 5. Static bending performance. a) Images of bent substrate and
contacted TFTs. b) Transfer characteristics and c) output characteristics
of IGZO TFTs on PEEK measured at different bending radii down to
3mm and after being reflattened.

is adhered onto a strip with the help of polyester double-
sided tape (3M 93010LE) that is clamped on both ends.
One end is then allowed to move back and forth where the
device is repeatedly bent down to a radius of 20 mm and
re-flattened. The transfer and output characteristics of the
TFTs were measured after bending for 100 cycles, 500 cycles,
1000 cycles, and 5000 cycles, as shown in Figs. 6a and 6b.
Maximum shifts in the µeff and VTH were obtained at 5000
bending cycles of +12.9%, and +0.2V as represented in
Fig. 6c. A similar variation in the µeff and VTH was reported
in [39], [40]. These results validate the mechanical stability of
the devices on PEEK.

IV. CONCLUSION

Flexible IGZO-based TFTs are demonstrated on PEEK foil.
The devices exhibit state-of-the-art DC and AC performance,
including ION /IOFF ratio exceeding 1010, and a maximum



Fig. 6. Dynamic bending performance: Variations in the (a) transfer and (b) output characteristics, and c) summary of changes in the mobility and
threshold voltage shift versus the number of bending.

oscillation frequency of 28.5MHz. After applying +5V bias
stress for 5 min, the maximum variation in the VTH observed
is +0.3V, when −5V bias stress is applied, a maximum
deviation in the VTH −0.6V is found, which confirms the
electrical stability of the TFTs. The device functionality is
demonstrated down to a tensile bending radius of 3mm. In
addition, after undergoing 5000 cycles of dynamic bending
with a radius of curvature of 20 mm, the device demonstrated
+0.2V variation in VTH which confirmed the outstanding
mechanical durability of the TFTs. Considering the desirable
properties of PEEK, including biocompatibility, and flexibility,
as a substrate for flexible electronics, this work represents a
first step towards the implementation of polyetheretherketone
in applications, such as biomedicine, wearable electronics,
or soft robotics. Taking advantage of the compatibility of
PEEK foils with thin-film processing and its transmittance
comparable to widely employed flexible substrates, future
works will be devoted to the realization of self-aligned TFTs
on this substrate, aiming at flexible devices with channel length
below 1 µm.
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C. Vogt, G. Cantarella, and G. Tröster, “Contact resistance and
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