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ABSTRACT

Radiation dosimetry is crucial in many fields where the exposure to ionizing radiation must be precisely controlled to avoid health and
environmental safety issues. Among solid state detectors, we recently demonstrated that Radiation sensitive OXide Field Effect Transistors
(ROXFETs) are excellent candidates for personal dosimetry thanks to their fast response and high sensitivity to x rays. These transistors use
indium-gallium-zinc oxide as a semiconductor, combined with a dielectric based on high-permittivity and high-atomic number materials.
Here, we present a study on the ROXFET gate dielectric fabricated by atomic layer deposition, where we compare single- and multi-layer
structures to determine the best-performing configuration. All the devices show stable operational parameters and high reproducibility among
different detectors. We identified an optimized bi-layer dielectric structure made of tantalum oxide and aluminum oxide, which demonstrated
a sensitivity of (63 + 2) V/Gy, an order of magnitude larger than previously reported values. To explain our findings, we propose a model
identifying the relevant charge accumulation and recombination processes leading to the large observed transistor threshold voltage shift
under ionizing radiation, i.e., of the parameter that directly defines the sensitivity of the device.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189167

INTRODUCTION

Radiotherapy and radioprotection require accurate monitor-
ing of ionizing radiation exposure in the human body to ensure
safety.” Efficient personal dosimetry requests wearable detectors
for continuous monitoring with fast reading, high sensitivity, and
possibly wireless data acquisition.” © Other important features are
dose rate and radiation energy independence. Solid-state dosime-
ters are suitable candidates and, among them, Radiation Sensitive
Field Effect Transistors (RADFETS) offer easy and real-time read-
ing, lightweight, and low bias or passive operation.” Their working
principle relies on the accumulation of radiation-generated charges
in the gate dielectric, which results in a shift of transistor threshold
voltage (V;,) toward more negative values proportional to the dose
deposited onto the device.”” The radiation sensitivity of the device

is proportional to the gate dielectric thickness squared.!” Modern
RADFETS are able to provide 0.25 V/Gy of sensitivity at a stan-
dard SiO; thickness and up to 0.7V/Gy for thick oxides for MV
irradiation while, due to the energy dependence of RADFETS, they
can achieve ~5 V/Gy at 35 keV x-ray.'"'* The sensitivity is limited
by the low atomic number (Z) of SiOx, used as a gate dielectric,
which leads to low photoelectric radiation cross-section and, there-
fore, low absorption. Moreover, Si-based RADFETSs are intrinsically
rigid and small area devices, hindering concepts as flexible arrays of
dosimeters conformable to large, non-flat areas.

Recently, we presented novel flexible Radiation sensitive OXide
Field Effect Transistors (ROXFETs).”'" ROXFETSs are made with
high mobility amorphous indium-gallium-zinc oxide (IGZO) semi-
conductors. IGZO shows stable transport properties even under
increased ionizing radiation doses [TID > 400 krad(Si)] 519 and is
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compatible with large area and low cost fabrication methods. The
possibility of producing devices on flexible substrates is a desir-
able property for wearable detectors with shapes conformal to the
human body. Furthermore, amorphous IGZO can be deposited on
a wide range of different materials forming the gate dielectric layer,
enabling high radiation sensitivity in ROXFET thanks to the com-
bination of high permittivity (x) and high atomic number oxides.!”
Such dielectric properties are desirable as the high dielectric constant
guarantees a strong field effect,'® even with a thick dielectric layer
needed to increase radiation absorption. Simultaneously, the high
Z enables a large photoelectric radiation cross-section,” resulting in
high sensitivity for the device.

Tantalum oxide (Ta;0Os) has k ~26 and a high amount of heavy
Ta atoms (Z7, = 73), so it fulfills both requirements. However, as
with many high-x materials, it presents some drawbacks, such as
increased parasitic capacitance and low energy. To mitigate these
drawbacks, which cause increased gate leakage currents, various
strategies have been proposed,”’”" for example, adding one or more
layers of a very large bandgap material. In ROXFETSs, we imple-
mented this strategy using either silicon oxide SiO, (E; ~9 eV) or
aluminum oxide Al, O3 (E; ~8 V) layers.

The first reported ROXFET devices'’ were made of a sputtered
multi-layer dielectric composed of alternating layers of Ta;O5/SiO,
and SiO,, and exhibited a sensitivity of (3.4 + 0.2) V/Gy at
35 keVp (molybdenum source). We demonstrated that the device is
suitable for passive radio frequency readout, which allows low-cost,
real-time, wireless reading. It was shown that the positive ioniza-
tion charge accumulation leading to the Vy, shift was located in
the bulk dielectric by studying the sensitivity as a function of the
dielectric thickness. However, only one multi-layer dielectric struc-
ture was studied, lacking a complete understanding of the effect of
the dielectric structure and the implications of the multiple layers on
sensitivity. Moreover, the yield of the device fabrication needed to be
improved, as the major issue identified was the inhomogeneities of
the sputtered multicomponent dielectric film.

Here, we investigate the working principle of ROXFETs pre-
senting a systematic study of the effect of single and multi-layer
gate dielectrics to unravel the radiation-induced charge accumula-
tion mechanisms and we identify the best-performing configuration,
achieving a sensitivity one order of magnitude higher than the first
reported ROXFETs and commercial RADFETs. To support and
understand our new findings, we develop a physical model that
investigates energetic band alignment among the device layers to
explain radiation-induced charge accumulation and recombination
mechanisms. Moreover, we implement a new fabrication procedure
where the gate dielectric is deposited by atomic layer deposition
(ALD) to enhance the uniformity and the insulating properties of
the films.”* The new procedure demonstrates a high fabrication
yield with repeatable transistor properties, assuring the possibility
of industrial scalability.

RESULTS

Our study aims to investigate and identify the physical pro-
cesses involved in determining the sensitivity of ROXFET devices,
aiming to reliably control and tune detector parameters. The
devices are thin-film transistors with a bottom-gate and top-contact
geometry [Fig. 1(a)].”> All the layers are patterned using 365 nm UV
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FIG. 1. (a) Optical micrograph showing the active transistor channel of ROXFET.
(b) Scheme showing the structure of the investigated transistor configurations with
systematic variation in gate dielectric. (c) Transistor transfer curves of samples
with the three studied structures. The solid lines represent the drain current, while
the dashed lines represent the gate current.

photolithography and etched through reactive ion etching (dielec-
tric) or lift-off (gate electrode, semiconductor, and source-drain
electrodes). The electrodes are made of 60 nm of molybde-
num deposited by magnetron sputtering. The gate dielectric layer
(100 nm total) is deposited by thermal ALD in different compo-
sitions, as shown in Fig. 1(b). Structure T is made of a single
layer of Ta;Os (100 nm), TA is a bi-layer Ta;Os (80 nm) and
Al O3 (20 nm) structure, and TAT is a tri-layer structure made of
Ta,05-Al,03-Ta;O5 (70-20-10 nm). The ALD process was carried
out with a growth rate per cycle of 1.1654 A/cycle for Al,O3 and
0.556 A/cycle for Ta,Os, as determined by stylus profilometry. The
semiconducting layer is made of 60 nm IGZO deposited by mag-
netron sputtering with a ratio of 2.5:1.2:1 for In:Ga:Zn. The channel
width and length are W = 320 ym and L = 20 um, respectively. The
devices are annealed in air at 180 °C after the semiconductor layer
deposition and at the end of the fabrication.

The typical transfer characteristics in the saturation regime of
the Thin-Film Transistors (TFTs) for the three investigated struc-
tures are shown in Fig. 1(c). Table I compares the turn-on voltage
Von, the mobility g, the subthreshold swing S, and the on/off ratio
Ion/Ij in the three studied structures, extracted from the rising part
of the transfer curve and averaged among six devices per structure.

TABLE |. Figures of merit of the studied structures extracted from the transfer
characteristics.

Structure  Von (V) phsar (cm?/Vs) S (V/decade) Ion/I o5 (decades)

APL Mater. 12, 031106 (2024); doi: 10.1063/5.0189167
© Author(s) 2024

T -1.2+0.3 7.8+19 0.12+0.03 6.3+£0.6
TA -0.62+0.13 72+14 0.099+0.014 52+09
TAT -0.71+0.11 72+0.8 0.14 +0.06 58+1.1
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Despite the different dielectric compositions, the three configura-
tions show comparable values for all considered parameters. All the
devices showed high mobility, a low subthreshold swing, and a high
on-off ratio, compatible with typical values of high mobility amor-
phous oxide semiconductor TFTs.”* The turn-on voltage is small,
thus allowing low voltage operation. The leakage gate current is
below 20 pA for all devices for a gate field of 0.8 MV/cm, indicating
very good insulating properties of the dielectric structures, consid-
ering the low-temperature fabrication process. Configuration T has
a slightly larger on-off ratio due to the higher dielectric permittivity
of Ta;Os compared to Al,Os. The same configuration also shows
a lower turn-on voltage, which is attributed to a slightly altered
interfacial dipole and a related change in flat band voltage.”” The
devices where an AL, Os layer is present show non-negligible hys-
teresis, which is absent in structure T, where only Ta,0Os is present.
Structure TA has the biggest hysteresis, which suggests that the hys-
teresis is due to static charges present at the Al,Os interface. To
nullify the impact of hysteresis in the detection mechanism, we used
a conditioning procedure for the devices and a dedicated reading
cycle that will be later described in detail.

ARTICLE pubs.aip.org/aip/apm

The gate capacitances were measured at 100 kHz using metal-
insulator-metal structures fabricated in parallel on the same sub-
strate, obtaining ¢r = 203 + 12 nF/cmZ, cra = 162 + 17 nF/cmz,
and crar = 154 + 10 nF/cm?®. The extracted dielectric relative
permittivity xr = 22.9 + 1.4 is compatible with the expected
Ta,Os permittivity and is higher than xp4 = 182 + 1.9 and
krar = 17.4 £ 1.1, which are compatible within experimental accu-
racy, as the thickness ratio of Ta;Os and Al,O3 in the two structures
is kept constant.

The effects of x-ray photons were investigated using a tungsten
target x-ray tube at 60 kVp of accelerating voltage emitting radiation
at a dose rate of 500 uGy/s. It is important to note that here we test
a single broad energy spectrum, which makes it difficult to take into
account any possible energy dependence of these devices.

First, we tested the effect of conditioning, i.e., the application
of a continuous bias to modify the transistor’s electrical proper-
ties, such as the Vy, value. Indeed, it is known that in Si-based
RADFET, a positive Vy, creates an internal electric field, which
increases the excitonic dissociation, thus increasing internal charge
accumulation.”””’ We achieved a positive threshold voltage in
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FIG. 2. Transfer characteristic of structure TA before and after 50 mGy irradiation for (a) a pristine device and (b) a conditioned device. (c) Shift of V¢, during irradiation in six
devices with structure TA; each irradiation (vertical gray line) corresponds to a total dose of 1 mGy. (d) Total AV, as a function of integrated dose with the linear fit (dashed
line) performed to extract the sensitivity. The experimental points are obtained by averaging the AV, over six devices per structure. (e) Saturation of AVy, in the studied

structures, fitted with Eq. (1) (dashed line).
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ROXFET through device conditioning. All the devices were condi-
tioned by applying 3 V for 5 min to the gate electrode while leaving
the source and drain grounded, resulting in a final value of V!
=(0.29+£0.03) V, V;, ™ =(2.97 +0.16) V,and V5, T = (1.3 £0.2) V.
The threshold voltages were extracted by performing transfer char-
acteristics (Vp = 0.1 V, Vg = [-2; 4] V) over a very short measure-
ment interval (6 ms). In this way, the transfer measurement did not
cause any additional bias stress effects on the transistor comparable
to the conditioning procedure, i.e., there was no change in tran-
sistor parameters during the reading procedure. From the transfer
curves, we extracted the threshold voltage by linear fit of the Ip-V¢
plot. The higher threshold voltage in ROXFET structure TA guar-
antees higher dissociation ability compared to the other structures,
even when the devices are operated in passive mode. The condition-
ing effect was tested by performing an irradiation of 50 mGy on
a pristine device [Fig. 2(a)] and on a conditioned one [Fig. 2(b)].
The pristine one shows a negligible AV, but a decrease in mobility
(Au=1.17 £ 0.08 cm?/Vs). The conditioned device shows a shift in
threshold voltage (AV = 1.44 + 0.18 V) and no change in mobil-
ity. Traditionally, in silicon-based RADFETS, charges generated in
the bulk dielectric are associated with threshold shift, while the cre-
ation of interface charges is associated with a change in both the
threshold voltage and the mobility due to carrier scattering.”’ There-
fore, in the pristine device, where we see a change in mobility, we
can assume that there is a contribution coming from interfacial
charges. On the other hand, in the conditioned devices, the radia-
tion induced charge accumulation in the bulk dielectric is dominant
thanks to enhanced excitonic dissociation caused by the built-in
electric field. The dominance of bulk charges in the sensitivity of
ROXFET was also observed in ROXFET with sputtered dielectric,
where the sensitivity depends quadratically on the dielectric thick-
ness.”” It is also visible that the conditioning procedure nullifies
the hysteresis even when performing slow transfer characteristics.
Indeed, we can assume that the conditioning procedure removes
static interfacial charges present in pristine devices that cause mobil-
ity and threshold instability. Therefore, as the devices are used only
after the conditioning procedure, the hysteresis is relevant to the
detection mechanism.

We follow the V;, over time, performing one fast transfer char-
acteristic (Vp = 0.1 V, Vg = [-2; 4] V, lasting 6 ms, as described
above) per minute. Between reading cycles, all the electrodes were
kept grounded, and the devices were exposed to five irradiation
steps of 1 mGy each (2 mGy for structure T). Figure 2(c) shows
the AV, over time occurring in six devices of a batch with struc-
ture TA during these irradiations. Notably, the plot shows very
repeatable behavior among all devices, demonstrating a high fab-
rication yield. It is also visible that V, is stable before irradiation
and shows a slow recovery in timescales much longer than their
x-ray response. The stable threshold voltage during the first
10 min of measurements proves that the reading procedure does not
perturb the conditioned state of the detector. All structures present
a negative Vy, shift under x rays. As the devices work as integra-
tors of radiation-induced charges, the x-ray sensitivity of the three
structures is extracted by a linear fit of the average AV, as a func-
tion of the integrated dose. Figure 2(d) shows the linear trend of
the Vy, shift in the three structures averaged on six devices per
structure. The obtained sensitivities are Sy = (0.65 + 0.02) V/Gy,
Sta = (63 £ 2) V/Gy, and Star = (154 + 0.5) V/Gy. Structure

ARTICLE pubs.aip.org/aip/apm

TA shows an order of magnitude increase in sensitivity compared
to structure T, while structure TAT shows an intermediate sensi-
tivity. These values should be compared with the one previously
reported by our group for ROXFETSs with a sputtered gate dielec-
tric composed of seven layers of alternated Ta;O5/SiO; and SiO, for
a total of 400 nm (TS structure).'” The sensitivity of TS devices was
Srs= (3.4 £ 0.2) V/Gy. Interestingly, the TS configuration has lower
sensitivity than bilayer TA and tri-layer TAT, despite the higher
layer number and bigger thickness. A possible explanation will be
presented later in the article.

Structure TA has very high sensitivity, resulting in a low limit of
detection, LOD = (55 + 3) uGy, comparable to commercial dosimeter
values.”! However, the large voltage shift generates a deviation from
linearity already at 5 mGy. Structure TAT and T have smaller sen-
sitivity, but their linear behavior with integrated dose extends above
50 mGy. The AV}, saturation with integrated dose [Fig. 2(¢)] can be
described following the formula proposed by Risti¢ et al.:*

Vsat

AVth = Visar — m,

1)

where D is the integrated dose and V. is the saturation voltage,
while a and b are fit parameters, which are summarized in Table II
for the studied structures.

To summarize, the bilayer structure (TA) is the best perform-
ing detector at low doses, while single-layer (T') and tri-layer (TAT)
structures could be best employed for applications requiring high
doses of irradiation and a large operative range. In the detection
mechanism, we assume that in ROXFET, the charge accumulation
happens in the gate dielectric. Recently, we proved our assump-
tion with local electrostatic measurements using Kelvin Probe Force
Microscopy (KPFM) performed on the semiconductor layer of a
device with structure TA before and after x-ray irradiation.”” The
measurements demonstrated that the amount of doping due to oxy-
gen vacancies remains unaltered during irradiation. Similarly, the
band structure remains constant. Instead, the AVy, is directly related
to an offset in flat band potential caused by static charge deposited
in the gate dielectric.

To understand the broad range of sensitivity brought about
by single, bi-, and tri-layer structures (T, TA, and TAT), we must
consider both external quantum efficiency (i.e., the ratio of the
radiation-generated charges to the number of impinging photons
on the sample) and internal charge accumulation and recombi-
nation mechanisms. The radiation absorption is calculated from
Beer-Lambert’s law, using the linear attenuation coefficient of the
oxides at the simulated average beam energy. Among the measured
structures, T has the highest external quantum efficiency (equal to
0.3%) thanks to the highest amount of heavy Ta atoms within the full

TABLE II. Saturation parameters for the three structures extracted by fitting the AV,
as a function of the integrated dose with Eq. (1).

APL Mater. 12, 031106 (2024); doi: 10.1063/5.0189167
© Author(s) 2024

Structure Viar (V) a(uGy™) b

T 180 + 40 —4.4+0.8 0.93+0.01

TA 4700 + 200 -20.0+1.2 0.86 +0.01

TAT 8500 + 400 -2.0+0.8 0.10+0.01
12, 031106-4
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FIG. 3. Energetic scheme of the studied structures and the behavior of radiation-induced charges of (a) structure T with the lowest sensitivity, (b) structure TA with the highest

sensitivity, and (c) structure TAT with intermediate sensitivity.

dielectric volume, which leads to the highest absorption and, there-
fore, the highest amount of radiation-generated charge. Nonetheless,
the scenario changes completely considering the internal processes
of charge accumulation and recombination. Upon x-ray exposure,
electron-hole pairs are generated inside the dielectric. Here, we con-
sider that most of the radiation-induced charges are generated in
the Ta,Os layer due to its higher Z and thickness (80 nm total in
both multi-layer structures), while the ones in the 20 nm Al, O3 layer
are negligible, contributing only 0.4% of the total external quan-
tum efficiency. The charge separation of the ionization excitons is
enhanced by the electric fields present inside the gate dielectric. Elec-
trons, driven by the electric field, are quickly collected at the metallic
gate thanks to their high mobility. On the other hand, the holes
have lower mobility, and they slowly drift toward the semiconduc-
tor interface. If they manage to reach it, the positive charges can
easily cross the interface due to the favorable valence band align-
ment of IGZO and Ta,Os, and they recombine with electrons in the
IGZO channel. On the contrary, whenever an Al O3 layer is found
between the Ta,0s and the IGZO layers, its large bandgap blocks
the holes in the Ta,Os layer, where they accumulate, generating an
additional fixed positive potential. In the transistors, this additional
positive potential results in the channel opening at more negative
voltages, which corresponds to the measured AV, toward negative
values proportional to the irradiated dose. The proposed mechanism
explains both the low sensitivity of structure T [Fig. 3(a)], where
most of the positive radiation induced charges recombine at the
IGZO interface, and the high sensitivity of structure TA [Fig. 3(b)],
where most of the positive charges accumulate in the Ta,Os layer
blocked by the Al;O3 layer. The intermediate sensitivity of structure
TAT [Fig. 3(c)] can be explained as well by separating a bilayer struc-
ture similar to TA formed by the Ta,O5 layer in contact with the gate
and the AL, O3 layer and a monolayer structure formed by the Ta,Os
layer in contact with the semiconductor. The bilayer contributes
with an additional fixed positive voltage (V*) as for structure TA.
On the other hand, the additional Ta,Os layer behaves similarly to
how described for structure T, with the exception that the photo-
generated excess electrons are not able to exit from the dielectric
due to the blocking layer of Al,Os, resulting in a negative charge
contribution. The photogenerated holes, instead, are still pushed
by the electric field toward the electron-rich IGZO, where they can

recombine. Therefore, the accumulation of negative charges in this
layer results in a fixed negative voltage contribution (V~), which
attenuates the contribution of the positive charges trapped in the
other Ta,Os layer (V*). As a result, the optimized structure is a
bilayer where no charge shielding happens. In this view, the charge
shielding mechanism lowers the sensitivity of complex multi-layered
structures, which could also explain the low sensitivity of structure
TS made of seven layers, where the SiO; layer had a similar function
to the Al O3 layer described here.

CONCLUSIONS

In summary, we developed a novel fabrication procedure for
ROXFET personal dosimeters, consisting of IGZO-based TFTs with
ALD deposited dielectric layers made of TayOs and Al O3, allow-
ing for high reproducibility and fabrication yield. The devices can
be operated in air in passive mode after a short conditioning of
5 min at 3 V. ROXFET devices with bilayer structure (TA) show an
outstanding sensitivity of St4 = (63 + 2) V/Gy at 60 kVp, the high-
est among integrating solid-state dosimeters, to our knowledge. We
demonstrate that the conditioning process, which induces an electric
field across the dielectric, enhances excitonic dissociation and, over
time, results in the accumulation of radiation-induced charges in
the bulk dielectric. Moreover, the performance comparison among
three different dielectric structures (T, TA, and TAT) allows us to
describe and model the process of generation, accumulation, and
recombination of charge inside the dielectric. We investigate and
discuss the physical processes influencing the device sensitivity and
attribute the excellent performance of structures TA both to the
effective conditioning and to the alignment in the energetic band
structure. Indeed, the suggested optimal dielectric structure is com-
posed of a highly absorbing layer (Ta,Os) combined with a large
bandgap layer (Al,O3) between the Ta,Os and the semiconducting
layer. Its role is to confine the radiation induced positive charges in
the absorbing layer, preventing their recombination with the IGZO
channel electrons. To conclude, the new fabrication procedure with
an ALD deposited dielectric and the modeling of the radiation-
induced charge accumulation and recombination described in this
article allow the realization of a new reliable and efficient design of
ROXFETs.
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