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Flexible IGZO TFTs and their Suitability for Space
Applications

Júlio C. Costa, Arash Pouryazdan, Julianna Panidi, Filippo Spina, Thomas D. Anthopoulos, Maciej O. Liedke,
Christof Schneider, Andreas Wagner and Niko Münzenrieder, Member, IEEE

Abstract—In this paper, Low Earth Orbit radiation (LEO),
temperature and magnetic field conditions are mimicked to
investigate the suitability of flexible InGaZnO transistors for
lightweight space wearables. More specifically, the impacts of
high energetic electron irradiation with fluences up to 1012 e−/cm2,
low operating temperatures down to 78 K and magnetic fields up
to 11 mT are investigated. This simulates 278 h in LEO. The
threshold voltage and mobility of transistors that were exposed
to e− irradiation are found to shift by +(0.09 ± 0.05) V and
-(0.6 ± 0.5) cm2V−1s−1. Subsequent low temperature exposure
resulted in additional shifts of +0.38 V and -5.95 cm2V−1s−1 for
the same parameters. These values are larger than the ones
obtained from non-irradiated reference samples. Conversely, the
performance of the devices was observed not to be significantly
affected by the magnetic fields. Finally, a Cascode amplifier
presenting a voltage gain of 10.3 dB and a cutoff frequency of
1.2 kHz is demonstrated after the sample had been irradiated,
cooled down and exposed to the magnetic fields. If these notions
are considered during the systems’ design, these devices can be
used to unobtrusively integrate sensor systems into space suits.

Index Terms—Flexible electronics, Space applications, Amor-
phous oxides; Wearables, Thin film transistors

I. INTRODUCTION

THE development of electronic devices for space appli-
cations is a widely researched topic since the beginning

of the space age. Due to the extreme conditions present out-
side the Earth’s atmosphere, specialized electronic equipment
and shielding are required to make these devices capable of
withstanding conditions such as large temperature variations,
or constant doses of radiation. As an example, special consid-
erations have to be taken when developing instrumentation
for the International Space Station, as it regularly passes
through the South Atlantic Anomaly (SAA) [1]. This area
is characterised by an increase in radiation and energized
charged particles due to the weak local geomagnetic field
- in particular, the flux of energized electrons (energies up
to 5 MeV) can reach 106 e−/cm2s [2], [3]. The interaction
between these electrons and electronic systems causes failures
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Fig. 1. Concept of an a-IGZO circuit incorporated into a spacesuit. This
material could be used for the development of unobtrusive sensor systems
that measure e.g. temperature and radiation.

due to ionization effects and atomic displacements in the
bulk of semiconductors, which has been prevented by the
implementation of bulky shielding structures. As space travels
become more common and more sensors are used to ensure
the astronauts’ safety, the development of lightweight and
robust electronic devices is required. In this context, flexible
electronics are a viable option for the development of future
space suits. Fig. 1 shows a vision for spacesuit integrated
textile electronics. Various materials compatible with thin film
technologies have been tested for space applications, including
organic semiconductors such as pentacene and hydrogenated
amorphous silicon (a-Si:H). However, organic materials were
observed to be unstable in conditions similar to the ones found
in space [4]. Simultaneously, a-Si:H presents a stable response
under outer space conditions but has a relatively low mobility
(≈1 cm2V−1s−1) [5]. For these reasons, alternative materials
compatible with flexible technologies should be studied for
space applications. Amorphous oxide materials such as Indium
Gallium Zinc Oxide (a-IGZO) [6] are adequate candidates
for the development of conformable and lightweight, yet high
performance, sensor systems [7]. Additionally, its amorphous
phase improves its radiation hardness since there is no crys-
talline structure to be damaged. To apply this semiconductor
to space wearable applications, its suitability and stability
must be assessed. While the electric stability of amorphous
oxide semiconductors devices represents an open research
question, this topic is also widely studied by numerous groups
[8], [9]. Similarly, the mechanical stability of a-IGZO has
already been extensively studied by demonstrating outstanding
bending stability down to 25 µm bending radii [10], [11], [12],
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Fig. 2. a) Micrograph of the transistors studied in this work. b) Schematic
of the staggered bottom gate transistors.

[13]. However, additional potential deterioration mechanisms
including low temperature, magnetic field and electron irra-
diation stress are equally important for space applications.
Previously, it was shown that rigid a-IGZO transistors continue
to operate after being exposed to relatively low energetic
electron irradiation (0.8 MeV, 1014 e−/cm2) [14]. Nevertheless,
the employed bulky and rigid substrates can shield and interact
with the semiconductor channel [15], [16]. Simultaneously, the
electrons in the SAA are more energetic. Hence, these results
cannot be used to predict the response of devices on thin
flexible polymeric substrates. Furthermore, in order to preserve
conformability, flexible a-IGZO TFT based systems cannot be
shielded with bulky glass or lead encapsulations. Similarly, it
is known that a-IGZO can function at low temperatures, more
specifically, a-IGZO TFTs on glass were shown to remain
operational down to 10 K [17]. However, due to the larger
thermal expansion of deformable polymer foils (20 × 10−6 )
[18] compared to rigid substrates such as glass (−1 × 10−6 )
[19] at cryogenic temperatures, it is necessary to characterize
the temperature stability of flexible a-IGZO thin film transis-
tors (TFTs) [20]. In addition, a-IGZO TFTs on glass have
also been shown to present a magnetoresistive effect [21].
This effect was attributed to the properties of the employed
gate insulator materials. More specifically, it was proposed
that using SiOx or SiNx led to a magnetoresistive effect
arising from the paramagnetic and diamagnetic properties of
oxygen and nitrogen, respectively [21]. Al2O3 is another
dielectric which is commonly employed as a gate insulator
in a-IGZO TFTs due to the high-quality interface between the
two materials. However, until now it was not clear if Al2O3

has the same effect as SiNx or SiOx. Therefore, in this work,
we assess the performance of flexible a-IGZO TFTs that use
Al2O3 as the gate insulator under various magnetic fields.

Here, the effects of four separate stressing conditions on
the electrical characteristics of flexible a-IGZO transistors
are assessed. Initially, they are characterised before and after
exposure to electrons with an energy of 34.1 MeV and electron
fluences spanning 6 orders of magnitude. Afterwards, the
devices were characterised at temperatures down to 78 K,
which is below the minimum temperature measured for shaded
objects in Low Earth Orbit (LEO) [22]. The operation of
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Fig. 3. TFT characteristics before irradiation, low temperature treatment and
magnetic field exposure. a) Saturation (VDS = 5 V) and Linear transfer (VDS

= 0.1 V) curves. b) Output curves for Gate Source voltages (VGS ) ranging
from 0 V to 5 V

these devices when exposed to magnetic fields up to 11 mT
was then studied, and finally the same devices were tested
under bending stress. It is demonstrated that these flexible
devices remained fully operational and were not significantly
affected after being irradiated by 34.1 MeV electrons with
an electron density of 1012 e−/cm2, followed by the exposure
to 78 K and also under the influence of magnetic fields.
These measurements simulate a 278 h spacewalk above the
South Atlantic Anomaly, which is sufficiently longer than
typical spacewalks. Finally, the operation of a flexible Cascode
amplifier is demonstrated after the sample was exposed to the
aforementioned conditions. The demonstration of this circuit
indicates that more complex circuits and systems based on
flexible a-IGZO TFTs have the potential to be implemented
in space applications.

II. DEVICE FABRICATION

Fig. 2a shows a micrograph of a representative transistor
sample characterised here. The IGZO TFTs were fabricated
on a free standing 50 µm thick polyimide foil (Fig. 2b) using
conventional UV lithography [23]. To improve adhesion and
to prevent outgassing of the substrate, a 50 nm thick silicon
nitride layer was deposited on both sides of the substrate
using plasma enhanced chemical vapor deposition. The gate
consists of a 35 nm-thick Cr layer deposited through e-beam
evaporation. The 25 nm-thick Al2O3 gate insulator layer was
deposited through atomic layer deposition (ALD) at a tempera-
ture of 150 ◦C. This represents the highest process temperature
involved into the fabrication process. Afterwards, a 15 nm-
thick amorphous IGZO layer was deposited by radio frequency
magnetron sputtering at room temperature. The gate, gate
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insulator, and semiconductor layers were structured by wet
etching. The drain and source contacts were fabricated in a
lift-off process by depositing 10 nm of titanium and 60 nm
of gold through e-beam evaporation. The subsequent ALD
deposition and structuring of an additional 25 nm-thick Al2O3

layer passivated the transistors and concluded the fabrication
process.

III. RESULTS AND DISCUSSION

The devices were measured using a Keysight B1500A
parameter analyser. Electron irradiation was performed at
a direct-beam end-station at the superconducting elec-
tron LINAC ELBE [24] at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) in standard atmosphere. The electron
fluence calibration has been performed by measuring the
electric current in a Faraday cup and the dose rate in an
ionization chamber Roos model 34001 [25]. We assume an
error of the fluence measurement of max. ±10 %. Furthermore,
the penetration depth for high energy electrons is in the range
of centimetres, and as such the 25 nm-thick Al2O3 passivation
layer is not able to effectively shield the semiconductor
channel [26]. Electrical characterisation of the devices at low
temperatures was carried out under vacuum (1 × 10−5 mbar)
at temperatures varying from 78 K to 310 K using a cryogenic
probe station (Janis Research, ST-500) and an Agilent B2902A
source measure unit. The low temperature measurements
were conducted in vacuum as even in inert atmospheres the
residual air humidity would condense on the surface of the
devices and hinder their proper characterisation. In addition,
all measurements were conducted in the dark, using transistors
originating from the same substrate. Performance parameters
were extracted from the saturation regime using the Shichman-
Hodges model [27].

A. Transistor Performance

Fig. 3 shows the normalised and averaged transfer and
output curves of 75 individual TFTs. From the saturation
transfer curve (Fig. 3a), an average threshold voltage (Vth)
of 0 V, a field effect mobility (µFE) of 12 cm2V−1s−1, a
subthreshold swing (S) of 233 mV/dec , a ION/IOFF ratio
>107, and a maximum transconductance gm (VGS =5 V) of
18 µS, were extracted. The gate current of these devices was
typically <10−11 A. These values are in agreement with other
high quality state of the art flexible a-IGZO TFTs [7].

B. Electron Irradiation Effects

The TFTs were exposed to electron irradiation with fluence
ranging from 106 e−/cm2 to 1012 e−/cm2. Fig. 4 shows the
typical trapped electron densities at 300 km and 500 km for
electron energies ranging from 0.04 eV to 6.5 eV. In Fig. 4
the star-shaped points indicate the energy and densities used
in this work, which exceed both the density and energies
typically existent in LEO. Fig. 5a presents the averaged
transfer curves from the same 25 transistors measured before
and after exposure to electron irradiation at 1012 e−/cm2. The
gate current is normalized. From these measurements, a Vth
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Fig. 4. Trapped electron density at 300 km and 500 km above Earth’s surface
as extracted from [3], and electron fluxes tested.

shift of +(0.09 ± 0.05) V was observed, whereas the µFE

decreased by (−5 ± 6) %. The variation of S was observed to
be negligible. The ION/IOFF ratio and the gate current were
virtually unaffected by the electron irradiation, remaining at
107 and <10−11 A, indicating that the Al2O3 gate insulator
was not damaged. Fig. 5b shows the averaged output curves for
the same transistors, reflecting the decrease in the maximum
ID due to the increase of Vth and the decrease of µFE .
Electron irradiation has no impact on the quality of the drain
and source contacts, given than no current crowding effects
are observed for low VDS [28]. The evolutions of both the
Vth and µFE are shown in Figs. 5c and 5d, respectively,
with increasing electron irradiation. Parameter extraction was
performed before and after irradiation on the same set of
transistors (25 TFTs for each electron irradiation density). The
threshold voltage is demonstrated to be virtually independent
of the electron irradiation, whereas the mobility decreases
after irradiation. The shift in Vth is significantly smaller than
the 1 V Vth shift observed for top-gate Al2O3 (200 nm) gate
dielectric rigid a-IGZO TFTs exposed to 0.8 MeV electrons
with a fluence of 1014 e−/cm2 [14] and can be explained by
the reduced interaction of the electrons with the low-density
polymer substrate. Additionally, it is observed that the shift’s
magnitude of the mobility is independent of the irradiation
fluence. The observed decrease of both ID and µFE , as well as
the increase of Vth can be explained by the formation of both
oxygen interstitial and zinc vacancy acceptor defects, caused
by the exposition to high energy electrons, as well as by charge
trapping at the gate/dielectric [29], [30].

C. Low Temperature Measurements

Next, the impact of low temperature on flexible a-IGZO
transistors was investigated. Fig. 6 shows the averaged perfor-
mance variation of the characterised transistors. Characteristic
curves were extracted from 16 transistors. The reduced number
of measurements is because the temperature-induced expan-
sion of the polyimide substrate complicated reliable contacting
of the devices, and different transistors had to be measured for
each temperature. Fig. 6a shows the averaged output curves for
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the measured transistors, where a decrease of the drain current
is observed for 78 K in comparison to the values observed
at 310 K. This is explained by the decrease of the thermal
energy available for the thermal activation of electrons trapped
in defect sites. As it was observed for the irradiated transistors,
no current crowding effect is visible for low VDS values. An
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variation for temperatures from 78 K to 310 K.

average Vth of 0.6 V with minimal error was extracted from the
measured TFTs at 78 K (Fig. 6b), corresponding to a positive
shift of (0.51 ± 0.07) V when compared to the (0.09 ± 0.07) V
extracted from the same devices at room temperature. The
evolution of Vth, S and µFE are presented in Figs. 6c, 6d
and 6e, respectively. Vth increases for lower temperatures,
whereas the subthreshold swing and µFE decrease for the
same interval. The performance of the devices was observed
to recover as the temperature returned to 310 K. Previous
studies on rigid TFTs have presented similar trends for Vth,
and µFE due to the thermal activated profile of a-IGZO [17].
In addition, measurements down to 10 K on rigid a-IGZO
TFTs demonstrated that the subthreshold swing increased for
temperatures below 80 K [17], which was attributed to a
change from band conduction to variable range hopping [31].

D. Combined irradiation and temperature

The combined influence of radiation and low temperatures
was investigated, Fig. 7 presents the transfer curve evolution
of a TFT that was irradiated with 1012 e−/cm2 and afterwards
cooled down from 310 K to 78 K. As can be seen, in com-
parison with the devices that were not exposed to electron
irradiation, such as the ones on Fig. 6b, the parameter shifts are
only slightly affected by the applied electron irradiation. The
irradiated sample exhibited Vth, µFE and S shifts of +0.38 V,
−5.95 cm2V−1s−1 and +30 mV/dec , after being cooled down to
78 K. The same parameters shifted by +0.13 V, −5 cm2V−1s−1

and 21 mV/dec for the non irradiated sample. The irradiated
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sample presents larger parameter shifts at low temperatures.
Although these differences are small and could be related to
intrinsic performance variations of the samples, the measure-
ment indicates that a combined radiation-temperature effect in
flexible a-IGZO TFTs has to be considered for space appli-
cations. This combined effect can be caused by an increased
number of defects in the irradiated transistors, as high energy
electron irradiation has been shown to create acceptor defects
on a-IGZO TFTs [14]. The thermally activated occupation and
de-occupation of these traps then changes the low temperature
behaviour of the TFTs.

E. Magnetic Field Effects

In addition to the effects of electron irradiation and low
temperatures, it is also important to study the influence of mag-
netic fields on the properties of the devices. Fig. 8a shows the
transfer characteristics of a flexible a-IGZO TFT measured at
0 mT and under an 11 mT magnetic field. For comparison, the
magnetic field at an altitude of 300 km above the Earth’s crust
does not typically exceed 20 nT [32]. It has previously been
demonstrated that IGZO TFTs can be sensitive to magnetic
fields [21]. This sensitivity has nonetheless been correlated
with the employed gate insulator. Aoki et al. [21] characterised
a-IGZO TFTs on glass with both SiNx and SiOx gate
insulators, which resulted in conventional (resistance increase)
and inverse magnetoresistive effects, respectively. Figs. 8b and
8c show the Vth and µFE of an a-IGZO TFT with Al2O3

gate insulator for various magnetic fields. The magnetic field
is applied perpendicularly to the direction of the channel
(Fig. 8d). This field was generated using a coil wrapped around
a ferromagnetic core, and the magnetic field was measured
using a Redcliffe 102 Hall magnetometer. The devices were
placed on the surface of the ferrite core and in order to exclude
the effects of temperature, the core’s surface temperature was
monitored during the measurements and was not allowed to
exceed room temperature (RT) + 1◦C. All measurements were
conducted in the dark and in a standard atmosphere. Although
a 0.08 V positive shift is observed for the Vth, this effect
was also observed for devices measured repeatedly under a
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0 mT magnetic field. Given that the µFE was not significantly
affected by the magnetic field, the Vth shift is most probably
related with gate bias stressing of the devices. These results
show that flexible a-IGZO TFTs can operate under magnetic
fields 106 times larger than the ones found in LEO [32].

F. Device Bendability

Assessing the flexibility of these devices is important given
the desired application in flexible sensors. For this reason,
the TFTs were tested under bending at various radii after
exposure to electron irradiation, low temperature and magnetic
fields. Fig. 9 shows the resulting transfer characteristics under
12.5 mm, 7.5 mm and 5 mm bending radii, corresponding to
tensile strains of 0.22 %, 0.35 % and 0.52 % calculated from
[33]. The devices were attached to rods as shown in Fig. 9c to
apply strain parallel to the TFT channel. The transfer curve of
the devices shifted in the negative direction with decreasing
bending radii, and the exact Vth is captured in Fig 9b. Re-
flattening the device resulted in a gradual recovery of the
transfer curve [34], however, bending to smaller radii causes
cracks and permanently damages the devices. In addition, no
significant increase of the gate leakage current was measured
for all bending radii, indicating that the dielectric layer was
not significantly affected by the bending stress. This negative
shift is in line with the effect of tensile strain on non irradiated
a-IGZO TFTs. These results illustrate the flexibility of the
devices studied in this work.
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G. Integrated Amplifier

In addition to individual TFTs, the functionality of an
integrated circuit was investigated after it was exposed to
an electron irradiation of 1012 e−/cm2, temperatures as low
as 78 K, and magnetic flux densities up to 11 mT. These
represent the most extreme conditions discussed here. Fig. 10a
shows a micrograph of the tested voltage amplifier fabricated
using three IGZO TFTs, and Fig. 10b shows a representa-
tive amplified signal at a frequency of 100 Hz. In addition,
Fig. 10c displays the corresponding circuit schematic which
also indicates the TFT dimensions, input, bias, and supply
voltages, as well as the loading effect of the characterisation
equipment. The employed Cascode topology based on standard
NMOS design principle utilizes an active load and represents
a tradeoff between circuit complexity and performance. This
is because the Cascode reduces the Miller effect and hence the
negative impact of parasitic overlap capacitance, unavoidable
if circuits are fabricated on free-standing flexible substrates
[35]. Such amplifiers are essential for the conditioning of a
variety of sensors.

Figs. 10b and 10d prove that the circuit is fully functional.
After, irradiation, temperature and B-field stress, the Cascode
circuit provides an average low frequency voltage gain of
10.3 dB, a −3 dB cutoff frequency of 1.2 kHz, and a unity
gain frequency of 3.7 kHz. This results in a gain bandwidth
product (GBWP) of 3.6 kHz. Furthermore the Cascode archi-
tecture also results in power consumption of only 62.5 µW.
Commercial rigid amplifiers such as the OPA277 tested using
temperatures down to 73 K have a GBWP of 1 MHz [36].
However, in comparison, flexible amplifier systems using
pentacene TFTs show maximum GBWP of 2 kHz and their
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Fig. 10. Flexible a-IGZO Cascode amplifier. a) Micrograph of the integrated
circuit. b) Representative input and output voltages at f =100 Hz. c) Circuit
schematic showing the individual TFT dimensions, output load, as well as
bias and input voltages. d) Bode plot measured after the circuit was exposed
to electron irradiation (1012 e−/cm2), low temperatures (78 K), and magnetic
fields (11 mT).

reliability has not been tested after they’ve been exposed to
conditions similar to the ones found in space [37].

IV. CONCLUSION

The suitability of flexible a-IGZO TFTs was assessed for
the development of electronic devices for conformable and
lightweight space applications. Electron irradiation followed
by low temperature treatment down to 78 K were conducted
to simulate the harsh environment found in Low Earth Orbit.
Trap creation caused by electron irradiation induces a positive
Vth shift and a decrease of the µFE for electron irradiation
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densities up to 1012 e−/cm2 and electron energy of 34.1 MeV.
Nonetheless, the variation of the electron irradiation fluence
did not influence the magnitude of these shifts. Subsequent low
temperature measurements down to 78 K resulted in an average
decrease of 20 % for the µFE , accompanied by a positive Vth
shift and a decrease of the subthreshold swing that reached a
minimum of 66.5 mV/dec . It was also demonstrated that the
temperature induced parameter shifts are slightly influenced
by previous electron irradiation. Regarding the magnetic field
impact on the performance of the TFTs, no visible variation
was observed. Finally, a Cascode amplifier was shown to be
operational after the sample had been irradiated and exposed
to low temperatures and magnetic fields that exceeded the
conditions found in Low Earth Orbit. These results show
that a-IGZO TFTs fabricated on flexible polyimide substrates
are a viable option for the development of lightweight and
unobtrusive devices for space applications, such as smart
textiles for space suits.
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