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Passive radiofrequency x-ray dosimeter tag based on
flexible radiation-sensitive oxide field-effect transistor

Tobias Cramer'*, llaria Fratelli', Pedro Barquinha?, Ana Santa?, Cristina Fernandes?,
Franck D’Annunzio®, Christophe Loussert?, Rodrigo Martins?, Elvira Fortunato?, Beatrice Fraboni’

Distributed x-ray radiation dosimetry is crucial in diverse security areas with significant environmental and human
impacts such as nuclear waste management, radiotherapy, or radioprotection devices. We present a fast, real-time
dosimetry detection system based on flexible oxide thin-film transistors that show a quantitative shift in threshold
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voltage of up to 3.4 V/gray upon exposure to ionizing radiation. The transistors use indium-gallium-zinc-oxide as a
semiconductor and a multilayer dielectric based on silicon oxide and tantalum oxide. Our measurements demonstrate
that the threshold voltage shift is caused by the accumulation of positive ionization charge in the dielectric layer due to
high-energy photon absorption in the high-Z dielectric. The high mobility combined with a steep subthreshold slope
of the transistor allows for fast, reliable, and ultralow-power readout of the deposited radiation dose. The order-
of-magnitude variation in transistor channel impedance upon exposure to radiation makes it possible to use a
low-cost, passive radiofrequency identification sensor tag for its readout. In this way, we demonstrate a passive,
programmable, wireless sensor that reports in real time the excess of critical radiation doses.

INTRODUCTION

Exposure to ionizing radiation has to be tightly controlled in radio-
therapy, nuclear waste management, high-energy physics experiments,
and space missions to avoid health or technical safety risks (1-4). Real-
time information about radiation dose can be acquired by air ionization
chambers or calorimetric detectors that provide accurate data for cali-
bration but exhibit bulky cases and require complex control and readout
electronics (5). In many applications, it is desired to have a distributed
network of miniaturized, solid-state dosimeters that combine a com-
pact, low-power electronic readout and a small and robust design to
achieve a spatial map of the deposited dose. In medical scenarios, where
radiation doses on human skin or in human organs have to be assessed,
flexibility and high integration density of the sensor array are further
crucial properties (6, 7). Moreover, the possibility of wireless com-
munication would allow the facile integration of a network of sensors
over large areas to monitor or detect radiation contamination sources.
To achieve such novel dosimeter applications, material sciences and
electronic engineering have to develop new detector materials and
electronic device architectures that combine high charge generation
efficiency with the possibility to process them on flexible and large-
area plastic substrates and high-bandwidth electronic operation and
amplification for wireless integration (8, 9).

To date, microelectronic dosimeters are realized in silicon-based
complementary metal-oxide semiconductor (CMOS) technology and
consist in diode or transistor structures (10). Upon exposure to ionizing
radiation, defects are introduced or generated charge carriers get trapped
in the active layers, causing a shift in device characteristics that is pro-
portional to the absorbed radiation dose. Dosimetry in the dose ranging
from a few hundreds of micro-grays up to several hundreds of grays,
relevant for many dosimetry applications, is achieved in radiation-
sensitive field-effect transistors (RADFET) that use a thick silicon oxide
layer as a dielectric and a crystalline silicon channel (11-13). Upon expo-
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sure to radiation, excitons are generated in the dielectric and separate into
hole and electron charge carriers that populate the valence and conduc-
tion bands of the dielectric (Fig. 1A). Electrons are mobile in the RADFET
silicon oxide dielectric and hence diffuse out of the dielectric layer. In-
stead, hole charges get trapped and lead to the buildup of a positive ion-
ization charge in the dielectric. The consequence is a shift in transistor
threshold voltage toward negative values as the positive space charge
in the dielectric contributes to the field effect in the semiconducting
channel (14, 15). The amount of threshold voltage shift is proportional
to the total absorbed dose in the dielectric over a wide energy range and
hence provides integrated information about the radiation exposure
history (7, 16). RADFET sensitivities are expressed as threshold voltage
shift per radiation dose and amount to typical values of 0.05 to 0.3 V/Gy
for commercial devices depending on oxide thickness and photon energy
(7, 17). Larger sensitivities are achieved when a positive bias is applied
to the gate electrode, as the electric field improves exciton dissociation
(18-20). RADFET dosimeters have been used to monitor radiation
doses in radiotherapy (6, 7) or space missions (17). Incorporation of
floating gate RADFET (21, 22) in monolithic CMOS-integrated
circuits has been achieved, and the integrated chip was used in minia-
turized, low-power dosimeters with wireless data transmission (23, 24).

To achieve improved performance of RADFET dosimeters, a change
in materials is required as the sensitivity is currently limited by the low
stopping power of silicon oxide, and their integration into dense arrays
on flexible plastic foil is incompatible with silicon CMOS technology.
Amorphous semiconducting oxides (25) such as indium-gallium-zinc
oxide (IGZO) and FETs made thereof have experienced a rapid devel-
opment in recent years and represent a mature technology platform
used in large-area electronics (26-28). They combine highly stable
electronic performance, with mobilities exceeding 10 cm?/Vs, with
low-temperature processing on large-area substrates by sputtering- or
solution-based processing to realize flexible FET arrays used, for
example, as analog amplifiers (29) or as active matrices to address
luminescent or sensor pixels. For radiation sensors, amorphous semi-
conducting oxides have further advantages as they exhibit excellent ra-
diation hardness (30), and their facile processing allows combination
with a wide range of dielectrics (31), thus allowing for optimization of
ionization space charge buildup.
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Fig. 1. Oxide thin-film transistors as direct detectors for x-ray radiation.
(A) Scheme showing the transistor structure and the generation of trapped positive
charge in the dielectric as a consequence of x-ray absorption. Negative carriers accu-
mulating in the channel counterbalance the trapped positive charge. (B) Photograph
showing a flexible matrix of IGZO-based transistors fabricated on a PEN foil. The inset
shows a micrograph of a single transistor pixel. (C) Variation in oxide transistor drain
current as a function of time, before, during (yellow background, 35-keV Mo tube,
300-mGy total dose), and after a 10-s x-ray exposure at varying gate voltages. (D) Transistor
transfer curves acquired before and after exposure to 300-mGy radiation dose. Semic,
semiconductor.

Here, we introduce the radiation-sensitive oxide semiconductor
FET (ROXFET) that uses IGZO as a semiconductor and a multilayer
dielectric containing tantalum oxide to increase stopping power and di-
electric permittivity and silicon oxide to exhibit low interfacial trap state
density and low leakage. We demonstrate that the multilayer exhibits
positive space charge buildup under ionizing radiation in analogy to
RADFETSs, but with an order-of-magnitude increased sensitivity
when operated in passive mode, that is, without applying an electric
field to facilitate exciton separation. The optimized ROXFET sensor
can easily be patterned into arrays on flexible plastic substrates, and
we show the integration with low-cost CMOS radiofrequency iden-
tification (RFID) tags to yield a passive radiofrequency dosimeter
tag operating in real time.

RESULTS

Radiation-sensitive oxide FETs

A flexible ROXFET sensor array on polyethylene naphthalate (PEN)
foil is shown in Fig. 1B. The transistors contain an IGZO semi-
conducting channel of dimensions L = 20 um and W = 320 um con-
tacted by a Mo source and a drain electrode. The optimized multilayer
dielectric contains silicon oxide and tantalum oxide deposited by a co-
sputtering process to combine low leakage with high x-ray sensitivity
due to its increased high-Z atomic content. We used a patterned Mo
gate electrode to accumulate carriers by field effect in the channel while
it keeps a low parasitic capacitance to source and drain electrodes (C,, <
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4 pF). In this configuration, depending on dielectric thickness, we obtain
thin-film transistor (TFT) mobilities in the range of 10 to 22 cm?/Vs, a
steep subthreshold swing (0.16 to 0.35 V/decade), low leakage currents
(<1 pA), and stable operation up to frequencies of 1 MHz (see fig. S1
and table S1). Figure 1C shows the x-ray photocurrent response of the
transistor when subjected to a 10-s x-ray exposure (35-keV Mo tube,
29 mGy/s starting at £ = 0 s). At positive gate potential, that is, in accumu-
lation mode for the n-type semiconducting material, the channel cur-
rent increases rapidly during the exposure. After the 10-s exposure, the
current decays on a much slower time scale, indicating a large photo-
conductive gain (9). Shifting the gate potential to negative potentials, the
photo response reduces in amplitude until no significant signal is ob-
served when operated in a depletion mode (AI, < 100 pA at Vg =-2V).
The observed transients are fully explained by a variation in threshold
voltage due to x-ray exposure in analogy to the process known for sil-
icon CMOS-based transistors. Figure 1D shows transfer characteristics
obtained before and directly after exposure to 300 mGy of radiation.
One notices a shift of the transfer curve to negative gate voltages, in
agreement with the accumulation of positive ionization charge in the
dielectric. No other TFT parameter such as subthreshold slope or mo-
bility is affected, simultaneously confirming the radiation sensitivity of
the transistor structure and the radiation hardness of oxide semi-
conductor transport properties (30).

To investigate the ROXFET response to x-ray radiation in detail, we
expose the transistors to different x-ray radiation doses with all contacts
connected to ground. We measure the transfer characteristics in a short
measurement time interval of 6 ms (see fig. S2 for details) every 2 s. As
depicted in Fig. 2A, each exposure leads to a characteristic shift in
threshold voltage toward negative values. The inset shows that the shift
in threshold voltage scales linearly with the exposure dose, thus allowing
to define a sensitivity S in units of volts per gray. Here, the sensitivity
value amounts to S = 3.4 + 0.2 V/Gy, outperforming typical CMOS
RADEFET devices by about an order of magnitude.

When observing the ROXFET response on a longer time scale, one
notices (Fig. 2B) that the threshold voltage returns to the initial value
after exposure, thus indicating the annealing of positive ionization
charge in the dielectric. The dynamics of the annealing process cannot
be described by a single exponential but has contributions at different
time scales resulting in a stretched exponential behavior. The dynamics is
independent on dose, and, after normalization, all time traces super-
impose on a universal curve, as shown in Fig. 2C. Quantitatively, the be-
havior is described by a stretched exponential using a time constant of
T=17.9 min and an exponent of y = 0.67. Stretched exponential be-
havior results from processes that follow a distribution of time con-
stants, characteristic for transport in amorphous, disordered energy
landscapes (32, 33). Here, we attribute the behavior to trap states in
the dielectric that are distributed in their characteristic energy and there-
fore keep the ionization charges captured for different characteristic time
scales. In comparison to silicon oxide-based RADFET sensors, the an-
nealing happens on faster time scales, and corrections have to be included
when the sensor is used as an integrative dosimeter over long time scales.
We find that the trap annealing time can be further shortened by
increasing temperature or by applying electric fields across the dielectric
(fig. S4). In this way, it is possible to easily reset the dosimeter to its
initial state and to reuse the device (34).

The dielectric of the proposed ROXFET plays a crucial role in ob-
taining high x-ray sensitivity and a high signal-to-noise ratio for do-
simeter applications. In particular, it has to combine low leakage and
high permittivity with high x-ray cross section and high quantum
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Fig. 2. Dynamics of ionization charge formation and recombination. (A) Threshold voltage shift of oxide transistor due to 1-s x-ray exposures of varying dose; inset
shows the threshold voltage shift scales linearly with total exposure dose. (B) Threshold voltage as a function of time after x-ray exposure: Recombination processes
lead to the annealing of trapped charges in the dielectric on a slow time scale. (C) Normalized threshold voltage shift for different exposure doses: The threshold

recovers its initial value following a universal stretched exponential.
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Fig. 3. Dependence of oxide-TFT detector on dielectric thickness. (A) Scaling of capacitance with dielectric thickness. The inset shows the multilayer structure of the
dielectric. (B) Threshold voltage shift as a function of total dose for oxide transistors with different dielectric layers. (C) X-ray sensitivity, defined as the threshold voltage
shift per dose, as a function of dielectric thickness. The line represents a quadratic fit according to the model described in the text.

efficiency. We developed a staked multilayer structure, as depicted in
Fig. 3A, that uses alternating layers of sputtered SiO, and co-sputtered
layers of Ta,0s and SiO,. The high content of high-Z tantalum atoms
leads to 50 times shorter photon mean-free path than in pure SiO, di-
electrics at the assessed x-ray energies that are beyond the tantalum
x-ray absorption L-edge (see fig. S3). Layers of pure SiO, are incorporated
to reduce the leakage current below 1 pA and to minimize the amount of
interfacial trap states at the interface with the IGZO oxide semiconductor
(35). Here, we observe steep subthreshold behavior with subthreshold
slopes as low as 0.16 V/decade, revealing interfacial trap state densities
<10"* cm™ eV . Ta,0s offers further advantages because of its proper-
ties as a high-x dielectric (36). Figure 3A shows how the capacitance
scales with the dielectric layer thickness. As expected, we observe a
reciprocal relation, where the intercept is related to the interfacial layer
of silicon oxide. The data fit well to a multilayer structure with alternating
layers (36), yielding an effective permittivity of £y, = 13.4. Because of this
increased permittivity, we achieve specific capacitances of 25 nF/cm® in
the TFTs with the thickest dielectric (382 nm), assuring a steep sub-
threshold slope and low-voltage operation. Next, we evaluate the
impact of the multilayer dielectric thickness on x-ray sensitivity. Figure 3B
shows the threshold voltage shifts obtained at different x-ray doses
for transistors with varying dielectric thickness. For each tested de-
vice, a linear relation is obtained, and the resulting slope is reported
in Fig. 3C as x-ray sensitivity as a function of layer thickness.
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The quantitative description of the sensitivity as a function of multi-
layer dielectric layer thickness d (Fig. 3C) allows us to assess relevant
parameters for the conversion of photons into ionization charge in these
materials. Here, the increase of sensitivity follows a quadratic dependency,
similar to what happens in classical RADFET dosimeters, due to the fact
that the threshold voltage shift depends on the amount of accumulated
charge density in the dielectric (6) and on the specific dielectric ca-
pacitance (c): AVy, = o/c, where ¢ and 1/c increase with layer thickness
(d) (37). The finding that the quadratic relation is also followed for
larger thicknesses indicates that the characteristic traveling time of ex-
cited electrons out of the dielectric is much faster than electron hole re-
combination processes (37). Using only parameters related to material
properties of the dielectric, the sensitivity can be described as (see Supple-
mentary Information)

AV, Qe 2

-t =" 4 1
AD 2Cm‘air8M807¥W6-h ( )

where e is the unit charge, ¢, »;; is the mass attenuation coefficient of air
for the unit conversion of the dose rate expressed in air kerma, €y is the
permittivity of the multilayer as evaluated above, A is the x-ray mean-
free path, W, is the electron-hole pair creation energy, and Q; is the
efficiency of the conversion of absorbed photonic energy into trapped
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charge carriers. We set the Mo-K,, line (17.5 keV) as the relevant photon
energy to obtain values for ¢, 5 and A. Using W, j, = 12.9 eV that is
three times the bandgap reported for Ta,Os (38), we obtain Q; = 16%
from the linear fit of the sensitivity data (Fig. 3C).

Passive radiofrequency x-ray dosimeter tag

The here-proposed optimized multilayer dielectric endows the ROXFET
with an increased x-ray sensitivity, a high-frequency operation, and a
steep subthreshold behavior. The combination of these properties allow
us to directly combine a ROXFET-based dosimeter with a passive RFID
chip to achieve a low-cost x-ray dosimeter tag, as shown in Fig. 4. The
main purpose of such an x-ray tag is to provide information upon wire-
less interrogation if the integrated received radiation dose has overcome
a certain programmable threshold. Upon the RFID reader command,
the integrated RFID tag probes the channel impedance Z of the ROXFET
that has changed its value in case of radiation exposure (Fig. 4D). A
simple version of such a functionality is implemented in commercial
RFID chips as a tamper alarm, and switching occurs if the measured
impedance varies from below 2 megohms to above 20 megohms. X-ray
exposure can actually induce such an order-of-magnitude variation in
the ROXFET channel impedance because of the resulting charging of
the dielectric and the threshold voltage shift that is large enough to turn
the transistor from an off state to an on state. This switch in state is then
communicated by the RFID chip in the digital information that is con-
tained in the reflected RF signal. An optical photography in Fig. 4B
shows how we connect the commercial RFID chip to the antenna
and to a single pixel of the ROXFET array in a prototype device realized
on flexible PEN foil. To set the channel of the unexposed device fully in
the off state, we connect a capacitance between gate and source and
charge it with a programming voltage V. Figure 4C illustrates the
impact of V¢ on channel impedance at the relevant probing frequency
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of the RFID tag (1 kHz). At V values below 0 V, the channel is in the
off state and the impedance is >20 megohms, so the RFID tag remains
in the off state. We note that the impedance of the ROXFET in the off
state results mostly from the parasitic capacitance due to overlap be-
tween gate and source/drain electrodes rather than dc-off current.
Moving to positive V¢ values, charge carriers accumulate in the
channel, the transistor turns on, and the impedance drops. Within
an interval of 0.6 V, the channel impedance lowers an order of mag-
nitude down to <2 megohms, and the RFID chip changes its memory
status. Figure 4D shows how x-ray exposure affects channel impedance.
Three dosimeter tags are compared, after being initially charged with
different V¢ voltages to program different x-ray threshold doses. In
the initial states, all dosimeters are in the high-impedance state, and
the impedance remains high and constant also after the voltage source
used to program V is removed. At t = 0, the devices are exposed to
x-ray, and the impedances start to drop during exposure. The re-
duction in impedance continues until the x-ray exposure is stopped,
as indicated by the arrows in the figure. After the exposure, we observe a
slow recovery to the high-impedance state happening on time scales of
several tens of seconds. Charging of the capacitance with the V- voltage
allowed us to program the x-ray threshold dose by controlling the im-
pedance variation during x-ray exposure: Because of the V- voltage, an
electric field builds up across the multilayer dielectric of the ROXFET.
Before ionization charges can induce carrier accumulation in the
channel by field effect, they have to compensate the V- field. According-
ly, we observe that more negative V voltages require longer exposure
times to sufficiently decrease the channel impedance for RFID status
switching. The inset shows the dependence of the critical dose needed
to switch the RFID state as a function of V¢ voltage. The graph demon-
strates that the ROXFET-based, passive RFID dosimeter allows to detect
programmable threshold doses in the range of hundreds of milligrays.
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Fig. 4. Programmable passive RFID radiation sensor based on ROXFET. (A) Electrical circuit diagram showing how the radiation-sensitive oxide TFT is connected to
the commercial passive RFID sensor and how the programming voltage V¢ is applied. (B) Picture of flexible RFID x-ray sensor tag. (C) TFT channel impedance Z as a
function of V(. The RFID switches its status in a narrow interval close to the turn-on voltage of the transistor. (D) Channel impedance Z as a function of time for different
RFID programming voltages V. At time = 0, the sensor was exposed to x-ray (30 mGy/s) for the indicated amount of time, leading to an order-of-magnitude decrease in
Z and switching the RFID status. The inset shows the obtained threshold dose necessary to switch RFID status as a function of V.
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DISCUSSION

The here-demonstrated integration of a microelectronic dosimeter with
passive RFID technology for readout became possible because of the
optimization of the ROXFET dielectric, that is, the crucial layer for
x-ray-induced charge accumulation. The low-temperature sputtering
process used in the fabrication of ROXFET allowed to introduce a mul-
tilayer dielectric that combines high-Z atomic content with high-«
properties, low leakage, and low interfacial trap density all on plastic,
flexible substrates. Tantalum oxide is incorporated to reduce the x-ray
attenuation length because of due to its high atomic number. As de-
scribed in literature, tantalum oxide nanoparticles were previously used
to increase radiopacity in dental fillings (39) or to improve x-ray absorp-
tion in organic direct x-ray detectors (40). Here, an order-of-magnitude
reduction in attenuation length in the dielectric is achieved, translating in
an order-of-magnitude increase in sensitivity with respect to literature
values reported for silicon CMOS RADFETs (7, 17). Tantalum oxide
offers further the advantage of being a high-« material well characterized
and exploited in microelectronics (36). Because of the high-x properties,
ROXFETs with thick dielectric layers also show a steep subthreshold
swing and low-voltage operation. Further, we suggest that the high-«
properties are relevant to support charge-carrier separation and positive-
charge trapping after x-ray-induced exciton formation in the dielectric.
In this way, a significant internal quantum efficiency of 16% for ioniza-
tion charge buildup in the ROXFET dielectric is also observed in the
absence of external electric fields. Drawbacks of tantalum oxide de-
posited by sputtering are well known and include a high interfacial trap
density and leakage current (41). We successfully migrated these draw-
backs by implementing a multilayer architecture in which the interfacial
layers are sealed by sputtered silicon oxide layers. This approach has
already been demonstrated to yield optimized performance in flexible
oxide semiconductor transistors (35). All our processing steps are per-
formed at low temperatures, compatible with polymeric substrates such
as PEN, and flexible large-area dosimeter arrays that can provide spa-
tially resolved information are realized (42). The developed oxide ma-
terials allow direct patterning of transistors on the plastic foil, achieving
much higher integration densities and sensing performance (Fig. 1B)
than the currently proposed state-of-the-art dosimeters for radiation
therapy, fabricated by gluing small CMOS-RADEFET pixels onto a
flexible foil (7).

The high performance of the oxide FETs in terms of mobility,
bandwidth, low-voltage operation, and high impedance is crucial to
achieve readout with passive RFID technology that has to use ultralow-
power probing signals. Here, using a commercial passive RFID
chip, a RFID sensor tag is realized that measures whether an excess
of an x-ray threshold dose occurs and communicates this information
in digital form in the reflected RF signal together with its ID code to the
receiver. We note that this digital transmission offers several advantages
for sensing with respect to standard RF tags in which the sensing event
affects the Q-factor of the antenna. The operating range for the wireless
detector is demonstrated in the range of milligray (from a few to thou-
sands) that is a relevant range for many applications in radiotherapy.
An extension into the microgray range of operation is easily feasible
for ROXFET-based detectors when using more specific readout elec-
tronics. The programming of the threshold dose of the RF dosimeter
can be done by charging an external capacitance (Fig. 4A). Because of
the low dielectric leakage of the ROXFET, such a voltage is maintained
over long time scales (T > 10" ohms x 107% F = 107 s). Wireless,
integrated dosimeters have been reported in the past (23, 24); however,
the direct integration of a passive real-time radiation sensor into a flex-
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ible, passive RFID tag with the here-reported performance is, to our
knowledge, unprecedented and opens interesting possibilities for a
range of novel applications. As the cost of such a tag is extremely
low, one could imagine covering whole large areas with multiple sensor
tags and remotely probing their status to assess x-ray exposure doses in
radiation-intensive environments. As the tag provides the dose
information in digital form together with a unique digital identifier, very
dense positioning of sensor tags does not create problems, and doses can
be attributed to unique sensor positions. For example, such a situation is
relevant for radiotherapy when doses in the milligray range have to be
delivered with high spatial resolution to treat tumors. The developed tag
could be used to monitor in real time when the planned dose has been
delivered and test also whether the spatial alignment of the beam
has to be corrected, thereby improving treatment efficiency and pa-
tient security.

In conclusion, this work introduces oxide-based FETs as novel mi-
croelectronic x-ray dosimeters. The introduction of high-Z and high-«
materials into the amorphous layer stack of the transistor allowed to
achieve x-ray sensitivities of up to 3.4 V/Gy, outperforming commercial
silicon-based CMOS x-ray dosimeters by an order of magnitude in
passive-mode operation. The radiation-sensitive transistors are fabri-
cated on flexible foil, and their processing is compatible with large-area
substrates. The low-voltage and high-frequency operation of the
transistor enables readout of the dosimeter with passive CMOS-based
RFID chips. The possibility to create a network of dispersed passive RF
dosimeter tags or dosimeter arrays on flexible foils paves the way toward
novel, spatially resolved x-ray dosimetry systems with application in
radiotherapy, radioprotection, industrial applications, and space
missions.

MATERIALS AND METHODS

Oxide TFTs with staggered bottom-gate, top-contact structure (see
Fig. 1B) were fabricated entirely by RF magnetron sputtering with-
out intentional substrate heating during deposition. The devices were
fabricated on Corning Eagle glass or PEN substrates. A Mo gate
electrode (60 nm thick) deposition was followed by a multicomponent
and multilayer dielectric comprising seven layers of alternating SiO,
and Ta,Os5 + SiO, films (43). The total thickness of the dielectric was
varied between 110 and 380 nm, but the ratio of total Ta,Os + SiO, to
SiO, layer thickness was kept constant at a value of dr,/ds; = 3.5. The
multilayer structure was obtained by co-sputtering from a SiO, target
(at 1 nm/min) and a Ta,Os target (at 3.4 nm/min). A 40-nm-thick
IGZO semiconductor was then deposited from a multicomponent
ceramic target with 2:1:1 (atomic In/Ga/Zn ratio) composition. Finally,
60-nm-thick Mo was sputtered for source and drain electrodes. The
semiconductor and the source and drain electrodes were patterned by
lift-off, while the gate and the dielectric were patterned by reactive ion
etching in SF6 atmosphere. Final devices were annealed on a hot plate
for 1 hour at 180°C. Width-to-length ratio (W/L) of the analyzed
devices was 320/20 (Wwm/pm).

X-ray radiation was generated by a molybdenum tube, which was
operated at a voltage of 35 kV and filament currents of 5 to 30 mA.
The sample was positioned at 32 cm from the opening shutter of the
tube. The resulting dose rate at the sample position was determined
to be 5 to 29.9 mGy s air kerma using a PMX-IIT dosimeter.

Oxide transistors were characterized with a Keysight B2912 mea-
surement unit. During x-ray exposure, the three terminals of the TFTs
were kept at ground potential. Transfer characteristics were acquired
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every 2 s in a time interval of 6 ms. Transistor parameters were ob-
tained by fitting the transfer characteristics to the standard metal
oxide semiconductor FET model in the saturation regime Ip =

1% uC (Vg — V;)*. Impedance measurements were performed

with a Metrohm PGSTAT204. For RFID experiments, a 1-uF capac-
itance was connected between the source and gate electrodes. The
RFID tag chip NXP SL3S1203_1213 fixed on a PEN foil with Al
contacts and an antenna was obtained from Tagsys. The TFT source
and drain electrodes were connected to the Vpp and Voyr pin of the
chip with silver paste. An Impinj R420 RFID reader operating at the
European Industrial Scientific and Medical 868-MHz band was used
to probe the tamper alarm flag of the RFID chip during x-ray expo-
sure experiments or as a function of V.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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