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ABSTRACT: Ga,0;, as an emerging optoelectronic material, is -‘TGO o - Periodic X-ray irradiation
. . . .. . . . a-Ga
very appealing for the detection of ionizing radiation because of its T

low cost, wide band gap (4.5—5.0 eV) and radiation hardness. In <10*)

this work, a flexible X-ray detector using amorphous Ga,O; (a- 510-7f

Ga,0;) thin film is demonstrated. The a-Ga,0O; thin film was 3

deposited on polyethylene naphthalate (PEN) substrate with %10 i~

delicately control of the oxygen flux during the radio frequency a10" Qo 100015002000

nme Second)

(RF) magnetron sputtering process. Metal/semiconductor/metal-
structured photodetectors with coplanar interdigital electrodes
were fabricated on this a-Ga,O; film. Temporal response
measurements under X-ray illumination indicate that a larger photocurrent occurs on the film deposited with smaller oxygen
flux. A model combined with theoretical calculation is proposed to explain the enhancement of the X-ray photoresponsivity,
which involves the slowing down of the annihilation rate caused by the neutralization of more ionized oxygen vacancy (V,)
states. No significant degradation of the device performance under UV and X-ray radiation is observed after the flexibility test.
This finding informs a novel way to design the flexible X-ray and other ionizing radiation detectors based on amorphous oxide
materials.

KEYWORDS: amorphous Ga,0j, flexible, X-ray detectors, oxygen vacancy, persistent photocurrent

X-rays are part of the electromagnetic spectrum, with candidate for flexible X-ray detectors due to their easier
wavelengths shorter than the ultraviolet range. The fabrication process and superior mechanical behavior.”* All-
detection of X-rays is important for broad applications such printed flexible X-ray detectors using inkjet-printed OPDs
as medical imaging, cancer treatment, industrial nondestructive combined with water-based and stretchable scintillator ink
testing, public security inspection, X-ray space communication, have been developed by J. Oliveira et al. recently.*”® It is an
and so on. Nowadays wearable electronics and printable increasingly proposed technique for the fabrication of flexible
electronics are developing so quickly that the demand for large- X-ray detectors. Several other flexible X-ray detectors have also
area, flexible, and lightweight radiation detectors is also been reported using sliced Pbl, or organic thin films.”®
increasing. This new type detector is not only very portable However, the obstacles for the commercializing of the above-
and cost-effective, but also can be readily shaped to fit the mentioned detectors are how to fabricate a uniform and
nonplanar surfaces such as cracked oil pipelines or body injury homogeneous layer over a large area and how to maintain their
sites. Therefore, great efforts have been devoted to fabricating stability and repeatability under long X-ray irradiations.

such flexible X-ray detectors.' ™ At the initial stage, the Meanwhile, new materials have been increasingly exploited
flexibility characteristic was realized through reducing the to be applied in X-ray detection. Organic single crystals,g
whole thickness of the device, where the combination of a hybrid organic—inorganic perovskites (HOIPs),"*™"* semi-

conventional amorphous Si (a-Si) PIN photodiode and conducting polymer blended with high-Z absorbers,'® GaN,'”
scintillator was developed.' In this case, a big challenge is to
find the balance between film stress and film quality, as Received: June 7, 2018

reported in ref 1. Organic photodetectors (OPDs) are another Published: December 26, 2018
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Figure 1. (a) Microscope photograph of the MSM-structured a-Ga,O; X-ray detector on PEN substrate. (b) I-V curves under darkness. (c) Time-
dependent photocurrent of D1—DS with the UV 254 nm light on and off at 10 V bias. (d) Time-dependent photocurrent of D1—DS with the UV

365 nm light on and off at 10 V bias.

and diamond'® have emerged as next-generation direct X-ray
detectors. Even though the performance of the HOIP detectors
is shining, special care should be taken on the issue of device
degradation due to the X-ray-irradiation-induced structural
and/or compositional changes."” Moreover, all of these
detectors are envisaged on single-crystal or polycrystalline
active layers and cannot satisfy the requirement of the
mechanical flexibility. Wide-band-gap oxide semiconductors
(e.g, ZnO, In—Ga—Zn—0, amorphous Ga,0;), on the other
hand, possessing the merits of natural excellent radiation
hardness and easy fabrication at low temperatures, have been
developed to fabricate different flexible devices such as thin
film transistors (TFTs),”" field-effect diodes,” and photo-
detectors.”” However, to the best of our knowledge, flexible X-
ray detectors using the aforementioned oxides have not been
reported yet, although many groups have claimed that ZnO
can be potentially designed to be a rigid X-ray detector.”**
Amorphous Ga,0; (a-Ga,0;), with the advantage of low
growth temperature, has exhibited excellent optoelectronic
performance,””** indicating it may potentially work as a
promising flexible X-ray photoconverter. In this work, we
report for the first time a flexible X-ray detector based on a-
Ga,0; thin film, which is deposited on polyethylene
naphthalate (PEN) substrate at room temperature (RT) by a
radio frequency (RF) magnetron sputtering system with subtle
control of the oxygen flux. Metal/semiconductor/metal-
structured (MSM-structured) photodetectors with coplanar
interdigital electrodes are fabricated to serve as X-ray sensors.
Temporal response measurements indicate that when the
oxygen gas is less adopted, the X-ray photocurrent would be
larger. For an understanding of this phenomenon, photo-
response characteristics of the devices are investigated under
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illumination of various wavelengths, and a schematic diagram
of the sub-band-gap states is deduced, which is coincident with
theoretical results using density functional theory (DFT)
calculation. According to these results, the enhancement of the
current induced by X-rays is tentatively interpreted as a
consequence of the slowing down of the annihilation rate
caused by the neutralization of more ionized oxygen vacancy
(V,) states. Flexibility tests show no obvious degradation of
the device performance under UV and X-ray irradiation,
demonstrating the robustness of the flexible X-ray detectors.

B RESULTS AND DISCUSSION

As mentioned above, oxygen flux was delicately controlled
during the sputtering process, which was realized through the
combination of a gas leakage valve and in situ ion-gauge
monitoring. Five samples with different oxygen partial
pressures (1.6 X 1073, 1.4 X 1073, 1.2 X 1073 1.0 X 1073,
and 0 Pa) were prepared and labeled as D1, D2, D3, D4, and
DS, respectively. (For more details about the film character-
istics, please see ref 22.) MSM-structured photodetectors with
coplanar interdigital electrodes were fabricated as shown in
Figure 1la. Figure 1b presents I-V curves of the five Ga,0;
prototype devices in darkness. The dark current at a bias of 10
V is kept at a picoampere level in all devices except DS (0.4
uA), which ensures high signal/noise (S/N) ratios. It is quite
obvious that the dark current increases gradually as the oxygen
partial pressure decreases, which is related to the lowered
Schottky barrier height (SBH) at the interface of ITO/a-
Ga,0j as illustrated in our previous work.”> Figure lc gives
time-dependent responses of all samples under 254 nm
ultraviolet (UV) light at 10 V bias. All devices demonstrate

DOI: 10.1021/acsphotonics.8b00769
ACS Photonics 2019, 6, 351-359


http://dx.doi.org/10.1021/acsphotonics.8b00769

ACS Photonics

(a) 10° X-ray on X-ray ofI
I —o—D1
10° —o—D2
~D3
= 10°
< 107 —v—D4
E 0 —u— D5
2 10°
§ 10°
E 10™
z 10™
10"
104 : -
0 500 1000 1500
Time (Second)
C
© o
*—*"*’*
*/*’
< e
E, /*350.()"[
t 100 * 30000 pond
o Ezso.on) ———
'3' H 200.0n} e
8 & g 15000 -
° 5 100 On'» ’ 20v
£ — 10V
i / * 50 on} —sv
wl ¥ S e econs)

0 20 60

Applied votage (V)

80

D2
bias at 10V

Photocurrent (A)

0 500 1000 1500 2000 2500
Time (Second)
()
300 —=—D2 o
./
e
—_ e
< M
£200 Py
§ A:.On
§ 100+ l/. gZOG.On
<}  f
_g ./ :§ 100.0n
o 0 o 30mA
00 X L A L \ 10mA
0 1000 2000 3000 4000
L L Ti

0 50 100 150 200

X-ray tube current (mA)

Figure 2. (a) Time-dependent photocurrent of D1—DS$ with X-ray source on and off at 10 V bias. (b) Time-dependent photocurrent of D2 with
pulsed X-ray source on and off at 10 V bias. (c) Photocurrent of D2 as a function of the applied bias. The photocurrent value is taken from the 2nd
cycle before the X-ray is off. (d) Photocurrent as a function of the incident X-ray tube current. The photocurrent value is taken before the X-ray is

off, and the applied voltage is V = 100 V.

good repeatability of response to the periodical UV light
illumination. It is worth noting that the photocurrent increases
about 4 orders of magnitude as oxygen partial pressure
decreases, which should benefit from the decrease of the SBHs,
in agreement with the trend of the dark current. Additionally,
the persistent photocurrent (PPC) effect becomes more and
more remarkable as oxygen flux decreases, which is believed to
be related to V, and also helpful for the increase of
photocurrents.”®>” For a further investigation of the behavior
of V, defects, all samples were illuminated by 365 nm UV light,
which is beneath the band gap of a-Ga,0; (~5.03 eV)** and
cannot excite band to band transition. The corresponding
photocurrents were recorded as shown in Figure 1d. It can be
found that photoresponse from UV 365 nm decreases greatly
from DS to DI, indicating an evident dependence on the
concentration of V. Electrons excited from sub-band-gap
localized states make an obvious contribution to the measured
photocurrent. From the above I-V curves and the temporal
responses under UV light, it can be seen that all devices behave
as decent UV detectors, which is consistent with our previous
report.22

The important point here is how these devices behave under
X-ray irradiation. Therefore, we measured their responses to X-
ray illumination. The source is an X-ray tube working at 40 kV
with a Cu anode, equipped in an X-ray diffraction setup. Figure
2a is the transient response with X-rays on and off (controlled
by an electromechanical shutter) for 3 cycles at 10 V bias.
Similar to the UV response shown in Figure lc,d, all devices
demonstrate good repeatability. Importantly, photocurrents
also increase 4 orders of magnitude as V, concentration
increases from D1 to DS. Note that both the rise and decay
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times of D1 are quite fast and without obvious PPC effect,
which is distinctly different from other devices. This fast
transient rise feature is also observed right after the initial
illumination on D2, D3, and D4 in a level of 1~2 nA (which
can be clearly distinguished from the subsequent slow rise in
Figure S1, Supporting Information), but merging into the dark
current of DS and difficult to recognize. This quick
photocurrent has been reported in GaN X-ray detectors and
is considered to increase linearly with incident X-ray power."”
T. Cramer et al. investigated the radiation tolerance of oxide
TFT to X-ray exposure and found that both the off current and
leakage current were increased from picoampere to nano-
ampere levels, which was attributed to the air ionization
effect.”® This viewpoint can be further consolidated by the
work of D. Brivio et al., where they used high-energy current to
detect X-ray signals.”” Interestingly, a subsequent long turn-on
transient appears in D2, D3, D4, and DS, which has also been
observed in GaN and diamond X-ray detectors.'”*’ They just
ascribed this behavior to defect traps and did not provide any
strategy to control these traps. In our work, it can be clearly
seen that such a trap is related to oxygen and can be delicately
controlled. Further, D2 was exposed to the X-ray source with a
pulse width of 10 s, and Figure 2b is the current variation for
13 cycles at 10 V bias. From this figure, it can be seen that the
dark current decreases quickly, implying a potential application
in X-ray detection. However, this quick decay time is realized
at the price of the decreased photocurrent. In the future, a
gated three-terminal device architecture’’ will be considered to
speed up the decay rate and hold a large photocurrent at the
same time. Figure 2c reports the variation of the X-ray
photocurrent with different bias voltages. The X-ray-induced
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Figure 3. (a) Time-dependent photocurrent of D3 with a 120 s long X-ray illumination at SO V bias. (b) X-ray-generated photocurrent at various
dose rates. The photocurrent value is taken from the 2nd cycle before the X-ray is off. A sensitivity of 6.77 X 10~ uC mGy,;, ' cm™? is derived from
the slope of the fitting line. (c) Comparison with the sensitivity of the various detectors presented in the reference. All of the sensitivity values have

been normalized with the active volume.

current increases quickly at first (lower than 40 V) and then
tends to saturate gradually, meaning that nearly all the photo-
created electron—hole (e—h) pairs have been collected by the
electrodes. Moreover, it should be noted that the applied
voltage has not reached the avalanche breakdown value, and
thus, the carrier multiplication phenomenon32 should be
excluded as the source of photoconductive gain. Figure 2d
shows the X-ray photocurrents of D2 as a function of the
incident X-ray power biased at 100 V. It can be observed that
the saturated photocurrent increases almost linearly with the
X-ray tube current. It is noteworthy that we spent about 5 h to
complete the above measurement. That is, the device was
biased at 100 V persistently and exposed to X-ray radiation
periodically, indicating a superior stability of our device under
high voltage and hard radiation.

In Figure 3a, we measured the X-ray photocurrents of D3
illuminated with different dose rates calculated in the
Supporting Information. It should be noted that the bias was
increased to 50 V from the original 10 V, because the intensity
of the X-ray beam decreased a lot after monochromatization.
From the linear fit of the experimental data (Figure 3b), the
slope of the line, i.e., the device sensitivity, was determined as
6.77 X 107 uC mGy,, ' cm™ Note that the active layer is
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very thin (~250 nm) in our case. If we take the layer thickness
into account, as what was done in ref 10, the sensitivity value
can be 271 uC mGy,, ' cm™>, much higher than the
commercial a-Se X-ray detector (reported in the range 1—17
uC mGy,, ' cm™ depending on the operating field and
thickness*’). We further compared the sensitivity value of our
device with various detectors presented in the listed references
as shown in Figure 3c. All of the sensitivity values have been
normalized with the active volume. The result clearly indicates
that amorphous Ga,0j; has great potential in direct detection
of X-ray radiation.

To explore the enhancement mechanism of the X-ray
photocurrent, we compared the transient characteristics of the
photocurrents induced by UV 254 nm (shown in Figure lc)
and X-ray radiation (shown in Figure 2a). As reported before,
stretched exponential fits have been successfully employed to
characterize many amorphous materials like a-Si,** a-
IGZO,””* and so on. Here, we also use the stretched
exponential function, as shown in the following, to simulate the
transient behavior of the photocurrents under UV light and X-
rays.
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Table 1. Stretched Exponential Fitting Results of the Photo-excitation and Dark Relaxation Data for the Second Cycle of All

Samples under UV Light or X-ray Irradiation”

photoexcitation dark relaxation
device illumination source 7 (s) Y’} I (A) I, (A) 7 (s) B I, (A) I, (A)
D1 UV 254 0.54 0.80 5.62 x 1077 —6.07 x 1077
D2 UV 254 0.62 0.65 3.90 x 1075 —4.34 x 107° 0.06 0.44 7.82 X 10710 1.51 x 1077
X-ray 15.5 0.80 2.03 x 107° -1.99 x 107% 1.1 0.34 112 X 107%° 197 x 107°
D3 UV 254 0.64 0.58 1.88 x 107 -2.10 x 107* 0.30 0.50 4,04 x 1077 3.16 x 1077
X-ray 22.5 0.65 1.15 x 1077 —127 x 1077 1.8 0.42 7.67 X 1071 8.97 x 1078
D4 UV 254 0.67 0.65 821 x 107* -9.25 x 107* 0.32 0.51 6.71 x 107¢ 142 x 107*
X-ray 50.1 0.67 2.65 x 107° —-2.52 x 107¢ 33 0.45 272 x 1078 136 X 107°
DS UV 254 1.20 0.56 292 x 1073 —3.34 x 1073 5.01 0.64 538 x 1074 1.03 X 1073
X-ray 68.3 0.74 6.10 X 107° —6.26 X 107° S1.3 0.4S 213 X 107° 3.64 x 107°

“The 7, f, I, and I, values are deduced from best fits to the data.

tY
I(t) =1, + I exp —[—)
T

Here, I(t) is time-dependent current; I is either the saturation
photocurrent under illumination, or the final relaxed dark
current depending on experimental conditions; I, is a
prefactor; 7 is the effective time constant; and f is the
stretching exponent. 7 can be defined as the time when the
time-dependent current I(t) relaxes to 1/e of its initial value I,
under darkness. The stretched exponential fitting curves can be
found in Figure S2, Supporting Information. Table 1 lists all of
the fitting parameters, from which we can clearly find that the
time constants, for both photo-excitation and dark relaxation
conditions, are increasing as the oxygen partial pressure
decreases from D1 to DS no matter what the illumination
source is. Besides that, I values, under both UV and X-ray
excitation, are also boosted from D1 to DS. In addition, for
dark relaxation, it has been reported the ratio I,/I, is so small
that accurate fits can be achieved under the approximation I, =
0.>> However, in our case, the ratio /I, becomes larger and
larger, from about 5%o in D1 to above 50% in DS, indicating
that extrinsic doping is introduced and comparable with the
photoinduced carrier density.”> According to the comparison
between UV and X-ray responses, it is suspected that there is
something in common between UV and X-ray excitations.
Further, three representative samples (D1, D2, and DS5)
were illuminated with various wavelengths between 200 and
700 nm. To eliminate the influence of the PPC effect, the
photocurrent data acquisition was performed by illuminating
the devices from long wavelength to short wavelength
manually. Figure 4a shows the corresponding results. A red-
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Figure 4. (a) Photocurrents of D1, D2, and DS under illumination
with various wavelengths biased at 10 V. (b) Schematic diagram of the
sub-band-gap states for D1, D2, and DS.

shift of the cutoff-wavelength is distinctly observed in D1, D2,
and DS, which is consistent with our previous report.””
Moreover, even visible light can create e—h pairs, making a
contribution to the photocurrent as shown in sample DS. The
photoresponse of visible light is apparently at variance with the
optical transparency of a-Ga,O3, which has also been observed
in a-1GZ0.”® This phenomenon is attributed to an intrinsic
nature of amorphous materials caused by tail states from the
valence band” due to the lack of long-range order.”” J. T. Jang
et al. reported sputtering deposition of a-IGZO and found that
smaller oxygen flow rates would result in more pronounced
PPC, and larger densities of valence band tail (VBT) states.*®
In our samples, as long as the excitation wavelength is shorter
than the cutoff value, a photoresponse will happen, confirming
the existence of the continuous VBT states. On the basis of
these facts, a schematic diagram of the sub-band-gap states is
deduced as shown in Figure 4b. Large densities of VBT states
are expanded into the band gap as more and more oxygen
vacancies are produced with small oxygen flux. Therefore, the
onset of the photoresponse exhibits a red-shift from about 320
nm (~3.9 eV) in D1 to about 600 nm (~2.0 eV) in DS.
Electrons from VBT states contribute a lot to the photo-
currents. Meanwhile, the V,, defects can also be ionized to V,**
states by the photoexcitation, donating two electrons to the
conduction band,” which is another source of the photo-
induced carriers.

For a further survey of the sub-band-gap states in a-Ga,O;
thin films with different V, concentration, DFT calculations are
performed by using the Vienna ab initio simulation package
(VASP).*” The valence—core interaction is described by the
projected augmented wave method. The PBE functional is
used to describe the exchange correlation effect.”’ As the PBE
functional underestimates the band gap of Ga,0O;, the HSE06
functional”” is used to calculate the electron structure of
amorphous structures. Figure Sa—c shows the calculated
electron structure of neutral (Ga,;s0,,) and oxygen-deficient
(Gayg0¢5 GaygOyp) a-GayOs. The localization of the electron
states is described by the inverse participation ratio (IPR).
Because of the structure disorder, IPR plots for all samples
exhibit mobility edges above the valence band maximum
(VBM; as defined by the localization to extend transition
point). Upon introduction of oxygen-deficient centers, addi-
tional defect states appear near the center of the original gap.
By looking into the IPR values as well as partial charge density
of the defect state (Figure 5d), the electron is found to be
spatially localized around the oxygen deficient center. In
summary, the removal of the oxygen atom results in the excess

355 DOI: 10.1021/acsphotonics.8b00769
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Ga sp electrons forming a bounded defect state around the
oxygen vacancy, which contributes to an additional localized
peak above the original VBM and pushes the Fermi energy
upward.

Once the V, defect is ionized and becomes +2 charged, the
neighboring metal atoms will relax away from the vacancy,
pushing the V_** defect level upward to the bottom of the
conduction band.** Hence, the upward V,>* state is a shallow
donor, quite different from the neutral deep V, state. This
transformation process has been supposed in a-IGZO and a-
HfO," theoretically. In experimentation, V, in ZnO is
deduced to be +2 charged and responsible for the uninten-
tional n-type doping.”* Thus, as illustrated in Figure 6a, when

(@)
== High energy electrons
E o Low energy electrons
n:.:_ o Holes
g: o V.0
S o0 VI
o V2

Figure 6. Schematic energy band diagrams illustrating the conductive
electrons released from valence band, VBT states, and ionization of V,
under (a) UV and (b) X-ray radiation, respectively.

UV light collides onto the samples, except for the generation of
e—h pairs from band to band transitions (including band tail
states), electrons from neutral deep V, defects are also released
into the conduction band accompanied by the formation of the
shallow donor V,** states. A dynamic equilibrium between the
formation and neutralization of V,** states causes a slow
saturation of the photocurrent during photo-excitation. As for
the dark relaxation, there are two annihilation pathways for the
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photo-induced carriers: recombination of e—h pairs and
neutralization of V,** states.”’ It is reported that there is an
energy barrier (~0.97 V) to neutralize the V_** states,*> and
thus, we can assume that the second annihilation pathway
determines the final dark relaxation time. From the fitting
results listed in Table 1, the decay time after UV radiation
increases from 0.06 s in D2 to 5.01 s in DS, indicating a slower
annihilation rate in samples with smaller oxygen flux, which
will in turn improve the quasi-equilibrium photo-induced
carrier concentration under illumination. When the illumina-
tion source is X-rays, since the energy of X-ray photons (~tens
of keV) is significantly higher than that of UV light, the
absorption coefficient of X-rays is very small (nearly 1%o
photons can be absorbed by the active layer). Thanks to the
high energy of X-rays, high-energy electrons are created as
shown in Figure 6b. If these high-energy electrons locate at a
few nanometers below the sample surface, they can escape
from the material and make a contribution to the air ionization
effect.”” At the same time, because of the electron escape
process, a photochemical reaction will happen at the surface,
which will change the stoichiometry of the surface with the
occurrence of oxygen deficiency.”® Most of the high-energy
electrons exist in the whole active layer because of the good
penetrability of X-rays. Such electrons will impact atoms
around them and transfer their excessive energy by the creation
of new e—h pairs, which is like the cascade effect and can
compensate the drawback of low absorption in such a thin film.
More importantly, a key factor for the generation of detectable
X-ray-induced charge carriers is the small annihilation rate,
especially when the absorption rate and the optical band gap
are almost identical. In our case, this is achieved by the
introduction of V, states, which will not only slow down the
annihilation rate, but also lower the SBHs and enlarge the
VBTs. All of these effects are beneficial for the enhancement of
the final photocurrent.
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Figure 7. (a) In situ photograph of the flexible device under a bending test. (b) Time-dependent photoresponse performance of D3 exposed to X-
rays under flat and different bending radii. (¢) Time-dependent photoresponse of D3 exposed to X-rays at the flat state after bending 0, 100, 200,
and 500 cycles with r = 8 mm. (d) Time-dependent photoresponse of D3 exposed to UV 254 nm light after all of the flexibility tests.

Finally, temporal response measurements in different bent
states and after hundreds of bending cycles were carried out to
evaluate the flexibility of this X-ray detector. Figure 7a is an in
situ photograph of the flexible device under a bending test. The
device was curved by a movable optical bench. On the basis of
the geometrical relationship shown in the inset of Figure 7a, we
can calculate the bending radius r according to the displace-
ment d, which can be read out by the screw micrometer on the
left side of the optical bench. Conductive silver paste was used
to couple the indium tin oxide (ITO) electrodes of the
prototype device (as indicated in the red rectangle) to the
connection terminals through thin copper wires. Temporal
responses of D3 at different bending radii were first tested as
shown in Figure 7b. The device performed almost the same as
the pristine one when under different bent states, suggesting
that the effect of bending stress on the device performance is
ignorable. Figure 7c shows the temporal photoresponse of the
same device exposed to X-rays at the flat state after bending 0,
100, 200, and 500 cycles with r = 8 mm. The fatigue tests
present almost the same curves even after 500 folding cycles,
indicating the robust flexibility of the device. More
importantly, from the insets of Figure 7b,c, it can be clearly
seen that all AI values (AI = L — Igo the Ly and i are
labeled by the red arrows corresponding to the third cycle of
the X-ray on and off in Figure 7b,c) have been increased
compared with the pristine ones. The measurement sequence
of the device is r = 10, 8, 12 mm, and then the fatigue test after
100, 200, and 500 bending cycles. It seems that the
enhancement of the AI value is quite related to the
measurement sequence. In addition, from the result of the
pulsed X-ray detection using the same device as shown in
Figure S3, it can be found that both the photocurrent and dark
current increase gradually pulse-by-pulse, which can be
attributed to the accumulation of the PPC effect. On the

basis of all of the above-mentioned facts, the reason why the
AT value is enhanced sequentially during the bending test is
tentatively ascribed to the PPC effect. In this case, the
degradation level of the device sensitivity after the bending
tests cannot be quantitatively calculated or even qualitatively
estimated. That is, it is not feasible to recognize the radiation
damage in the present stage, which is definitely an interesting
topic and needs to be investigated further. On the other hand,
we made an evaluation of the UV response of this device after
the bending test, which is shown in Figure 7d. It still behaves
like a decent UV detector without any obvious degradation,
which may result from the amorphous nature of a-Ga,O; thin
film, demonstrating a good robustness of this flexible X-ray
detector.

B CONCLUSION

In summary, flexible X-ray detectors based on a-Ga,O; thin
films with finely tuned V, concentration were successfully
explored. Upon a decrease in the oxygen flux during the
sputtering process, V, concentration in the films increased
accordingly, which would not only lower the SBHs on the
ITO/Ga,0; interface, but also generate large density of VBT
states. In addition to that, the annihilation rate was impeded
because of the neutralization of the ionized oxygen vacancies,
resulting in a pronounced PPC effect and remarkable
enhancement of the photocurrents induced by X-rays. A
much higher S/N ratio (>10* in D4) was achieved.
Additionally, no significant degradation was observed during
the bending and fatigue tests. These findings reveal the
possibility of a-Ga,O; in fabrication of flexible X-ray detectors,
and also provide a potential way to design novel X-ray
detectors using other abundant oxide materials.
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B MATERIALS AND METHODS

Film Growth. Ga,0j; thin films with the thickness of about
250 nm were deposited on PEN (125 pm thick) substrates by
a RF magnetron sputtering system at RT. The Ga,O; ceramic
target was SN pure. The PEN substrates were ultrasonically
cleaned in acetone, alcohol, and deionized water, successively,
and finally blown dry by nitrogen gas. Before deposition, the
vacuum was evacuated to the base pressure of 3.0 X 107* Pa.
Then, high-purity oxygen gas was introduced into the
sputtering chamber through a leakage valve, the amount of
which was monitored by an ion gauge. In the following, the
sputtering gas argon (Ar) entered into the chamber through a
mass flow controller (MFC) maintained at 10 sccm. A-Ga,O,
thin film was synthesized on PEN substrates for 30 min with a
sputtering power of 60 W and a total pressure of 0.4 Pa. Five
samples were grown with different oxygen partial pressure: 1.6
x 1073 Pa (D1), 1.4 x 107% Pa (D2), 1.2 X 107% Pa (D3), 1.0
X 1073 Pa (D4), and 0 (DS, pure Ar).

Photodetector Fabrication. The a-Ga,0; X-ray detectors
were constructed with coplanar interdigital MSM structure by
conventional UV-lithography and lift-off technology. The
prototype device has 75 pair fingers with S ym in width, $
pum in spacing gap, and 300 um in length. Indium tin oxide
(ITO), 100 nm, was used to form the transparent interdigital
electrodes.

Characterization. The dark -V tests were carried out in
air using a source-measurement unit in the Keithley 4200
semiconductor characterization system. Time-dependent re-
sponse under UV illumination was performed using a hand-
held lamp with 254 or 365 nm UV light. The photoresponses
of D1, D2, and DS with various wavelengths were performed
with the Omni-A 180i grating spectrometer. The X-ray source
was an X-ray tube with a Cu anode, working at 40 kV and 200
mA from an X-ray diffraction setup (Smartlab, Rigaku). A
picoammeter (Keithley 6487) was used to record the current
variation under both UV light and X-ray irradiation.

DFT Calculation. The low-temperature amorphous
structures of neutral (Ga,07,) and oxygen-deficient Ga,O;
(GayOgs GaygOgp) are generated by ab initio molecular
dynamics (AIMD) simulation. In the AIMD simulation, the
structure is equilibrated for 3 ps at 10 equally separated
temperatures decreasing from 2000 to 500 K. The MD time
step is set to 1.5 fs, and the NVT ensemble is used. To account
for the volume expansion at high temperature, the volume of
the structure is scaled down at the same time from 1.04V; to
1.0V, where Vj, is the volume of the initial crystalline structure.
The MD-generated structure is fully optimized until all force
components are smaller than 0.0S eV A~'. The AIMD
simulation uses a kinetic energy cutoff of 280 eV and a single
I" point to sample the Brillouin zone while a 400 eV cutoff and
2 X 2 X 2 K-point mesh are used for structure optimization.
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