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X-rays, characterized by their short wavelength and high penetrating power, are indispensable across
numerous fields. Current X-ray detection relies heavily on amorphous selenium (a-Se) and medium
bandgap semiconductors (e.g., Si, CdTe, CZT), which often face limitations including complex large-
scale fabrication, high cost, and stability issues under intense irradiation. While alternative wide-
bandgap materials like diamond offer excellent performance, challenges related to scalable
fabrication and cost often remain. Here, we report a high-performance X-ray detector based on
solution-processed quasi-two-dimensional (2D) gallium oxide (Ga,0s) films fabricated via a novel
liquid metal nano-printing technique. Leveraging the ultra-wide bandgap and high quality of the
printed Ga,0;, the device achieves an ultra-high sensitivity of 6050 uC/Gy/cmz2. We further
demonstrate the practical utility of these detectors by integrating them into a functional X-ray imaging
system. This work establishes liquid metal nano-printing as a vital pathway for the rapid fabrication of
ultrathin, high-performance, low-power-consumption X-ray detectors. Additionally, this work enables

low-dose, high-resolution X-ray imaging for medical diagnostics and non-destructive testing,
demonstrating a cost-effective pathway toward portable radiation detection systems.

X-rays are electromagnetic waves with extremely short wavelengths and
strong penetrating ability, which have been widely used in the fields of
industrial nondestructive testing, medical imaging and radiation therapy,
security systems and aerospace'~. The growing demand for X-ray detectors
is putting forward higher performance requirements from the early days of
film, calorimetry and other traditional detection methods, to the gradually
developed pyroelectricity, glow exhaustion fluorescence, scintillator and
other indirect detection technology and direct detection technology such as
ionization chambers. The commonly used X-ray detectors can be roughly
divided into three categories according to their different working
mechanisms: gas detectors, scintillator detectors and semiconductor
detectors™™.

Gas X-ray detectors were used more often in the early days of high-
energy irradiation detection in outer space. However, the bulky shape of gas
detectors made it more difficult to mount satellites; therefore have been
gradually replaced in recent years. Recent breakthroughs in scintillator
materials have expanded the design paradigms for X-ray detection. For
instance, ZnO quantum dot glass scintillators achieve 96% transparency at
meter-scale dimensions, enabling low-dose imaging (37.6 nGy/s) via triplet
self-trapping exciton engineering’. Meanwhile, perovskite-based 3D/0D
heterostructures (e.g, Cs;NaLuCls/CssLuCls) generate color-integrated
white light through controlled charge transfer, improving imaging contrast

by fivefold compared to conventional CsL:TI". Notably, manganese halide
glass-ceramics (ALB,Os: MnBr,) maintain zero thermal quenching at
extreme temperatures by leveraging low-phonon Mn-Br polyhedra, high-
lighting pathways toward multifunctional detection in harsh
environments''. In recent years, novel ultra-wide-bandgap semiconductor
X-ray detectors'”"* have attracted renewed industrial attention for next-
generation applications, complementing established direct detection tech-
nologies such as Li-doped Si and diamond because of their excellent
response characteristics, good digital signal compatibility, and resistance to
irradiation. The commonly used direct-type X-ray detection materials
include amorphous Se, Pbl,, Hgl,, CdTe, CdZnTe and PbO"™. These
materials all contain elements with large atomic numbers, which increase
the scattering cross section of the material interacting with X-rays and
increase the absorption efficiency of X-rays”**. Recent advances in direct
detection materials have expanded the toolkit for X-ray imaging. Perovskite
quantum dots are currently highly favored in the field of direct X-ray
detection, with reports already documenting their application in flat panel
detectors”. Newly developed semiconductors containing stable selenium
cations, [(CH3CH,)5S]¢Bislso and [(CH3CH,);S] AgBils, have been used in
X-ray detection applications to produce detectors with excellent sensitivity
and low detection limits**, Meanwhile, diamond films with engineered color
centers (e.g., NV°) achieve sub-pixel resolution through charge-sharing
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localization, and their exceptional radiation hardness suits extreme-
environment applications™.

Although these materials exhibit high X-ray absorption efficiency, their
narrow bandgap imposes significant limitations: pronounced thermal
effects, weak radiation resistance, high sensitivity to ambient temperature,
and susceptibility to performance degradation under intense irradiation.
Furthermore, their fabrication processes feature narrow windows, complex
workflows, and high costs. The use of bulk material increases overall device
bulkiness, compromising compatibility with modern flexible electronics.
This makes them ill-suited for detecting flexible, portable, or irregularly
shaped objects and hinders integration into next-generation electronic
devices. How to break through the limitations of traditional materials and
realize miniaturized high-performance new X-ray detectors is an urgent
problem to be solved. The new nanoscale semiconductors represented by
2D materials and the disruptive photodetection technology formed by them
have exceeded the theoretical limits of traditional thin-film devices in terms
of detection sensitivity, very low dark current, and many other indicators,
and are one of the strong contenders for developing the next generation
detection technology. In addition, as compared to large-volume bulk
structures that are mature in the fabrication process, the use of ultrathin-film
device structures to reduce device size, expand device integrability and cost
savings is a core topic yet to be explored. Gallium oxide (Ga,Os), as an ultra-
wide bandgap semiconductor material (bandgap width 4.6-5.3 eV), has
demonstrated significant potential in X-ray detection in recent years. Its
ultra-wide bandgap, high breakdown field strength (8 MV/cm), high X-ray
absorption coefficient (due to high density, 6.44 g/cm®), and high-
temperature resistance make it a high-sensitivity material suitable for fab-
ricating X-ray detectors whether in single-crystal or thin-film phases””.
With an average atomic number of 17.2, Ga,05 has a higher atomic number
than ZnO and GaN, and its absorption efficiency for hard X-rays is one
order of magnitude higher than that of materials such as SiC and diamond.
In addition, based on the compound luminescence of free electrons and self-
trapped holes, Ga,O3 has an extremely fast (less than 10 ns) decay time™.
However, up to now, the research work on the X-ray detection properties
and anti-irradiation characteristics of Ga,O; materials is relatively small. In
our understanding, no Ga,0;-based X-ray detectors have been reported for
imaging so far, so there is an urgent need to carry out research on Ga,0;-
based X-ray detectors, disclose their potential for X-ray imaging and fill the
relevant gaps.

In this work, we proposed to introduce the quasi-2D Ga,Os in X-ray
detection, employing ultrathin 2D Ga,Oj as the core semiconductor of the
detector. We construct quasi-2D Ga,O; X-ray detectors by a novel low-cost
liquid metal nano-printing process, investigate the response mechanism of
Ga,0; to X-ray irradiation, and reveal the working principle of the detec-
tors. Owing to the high-quality quasi-2D ultrathin Ga,Os; film, the detector
exhibits excellent stability and good detection performance for strong and
weak light, and the sensitivity of the device to X-rays with an energy of
20keV is as high as 6050 uC-cm”Gy" under a bias voltage of 10 V, origi-
nates from direct charge collection without intermediate scintillation steps,
while the nano-printing fabrication ensures thickness control at atomic
scales for high spatial resolution. Further, we fabricated a large-area
amorphous quasi-2D Ga,Os X-ray detector array and developed its pro-
totype for high-resolution imaging applications.

Compared to traditional preparation methods, our approach offers
multiple revolutionary advantages: our technical solution is fully compatible
with modern microelectronics processes and possesses the potential for
mass production. The low-temperature fabrication process enables
deposition of our detectors onto diverse substrates, including glass, plastic,
and even paper, paving the way for ultra-thin, portable, and even flexible
X-ray imaging detectors. This holds significant importance for specialized
applications such as dose monitoring in synchrotron radiation facilities and
nuclear power plants. Through these innovations, our work aims to over-
come multiple limitations of conventional X-ray detectors, paving a new
path for the development of next-generation high-performance, low-cost,
flexible X-ray detection technology.

Results and discussion

Direct printing of liquid metal-based quasi-2D Ga,03

Up to now, the preparation techniques of semiconductor thin films have
been widely reported, including MOCVD’, HVPE”, CVD”, RF
sputtering™, squeeze printing”, etc. However, the thin film semiconductors
obtained based on these techniques always fail to satisfy the three advan-
tages, namely, large area, good homogeneity, and low manufacturing tem-
perature simultaneously. We established a process for the preparation of
quasi-2D Ga,O; semiconductor thin films by liquid metal nano-printing
process, and the flow chart of this preparation process is shown in Fig. la.
First, we subjected the surface of single-crystal silicon wafers to an oxygen
plasma treatment to increase the surface electron concentration and
enhance its affinity for contacting with the liquid metal droplets, and the
silicon wafers were fixed on a heating plate after the plasma treatment, and
the temperature was raised to 150 °C. The liquid eutectic gallium indium
metal (Ga 75.5%, In 24.5% wt.) drops on the silicon wafer, we adopted a
flexible Polydimethylsiloxane (PDMS) squeegee to roll droplets on the
substrate (The PDMS substrate is uniquely suited for liquid metal nano-
printing due to its ultra-low surface energy (21 mN/m) and optimal elastic
modulus (1.5-2.5 MPa). While limited alternatives exist within strict
property bounds (y < 25 mN/m, E = 0.5-5 MPa)—such as Ecoflex or FEP—
most flexible polymers (e.g., PET, PI) are incompatible. Substrates beyond
these thresholds induce print failure via film rupture or interfacial locking),
effectively printing the droplet squeegee into a uniform film. Since there are
no covalent bonds between Ga and Ga, O3, there is a minimum interaction
between the Ga,0O3 and the liquid metal. As a result, quasi-2D amorphous
Ga,03 can be obtained on SiO,/Si substrates considering the powerful van
der Waals forces. It should be noted that a single printing process does not
ensure that the oxide film is uniformly deposited on the silicon wafer surface,
so multiple repetitions of printing are required to achieve uniform deposi-
tion of the oxide film. At the same time, in order to avoid mutual inter-
ference between each printing cycle, the end of each printing cycle must be
used to clean the wafer surface with alcohol cotton to ensure that there is no
liquid EGaln residue. During the cleaning process, due to the strong van der
Waals force adhesion between the oxide film and the substrate, the oxide
film will always be firmly attached to the wafer surface. On the other hand,
liquid EGaln weakly binds to the deposited oxide film and can be easily
removed by wiping, allowing the deposited oxide film to be cleaned without
any damage. This preparation process owns the advantages of easy manu-
facturing, low cost, arbitrarily adjustable size and controllable thickness,
which it provides a new pathway for the efficient and low-cost preparation
of low-dimensional materials. We compared it with the conventional pro-
cess in terms of preparation scale, homogeneity and manufacturing tem-
perature, as shown in Supplementary Fig. 1.

The reaction principle of the printing process follows the
Cabrera-Mott oxidation model, where surface oxides can spontaneously
form on liquid metal surfaces in the surrounding atmosphere and other
oxygen-containing environments, and after the formation of the initial
oxide layer, electrons from the body of the metal adsorb oxygen from the
surface through a tunneling process that creates a gradient of electric field
across the oxide layer. This electric field, defined by the work function of the
metal and ionized oxygen (Mott field), drives the migration of ions into
the oxide layer, thus promoting growth. As the oxide layer becomes thicker,
the magnetic field strength decreases, leading to self-termination of this
process, with a final oxide thickness of a few nanometers, so that the growth
of surface oxides is a self-limiting reaction at low to medium temperatures.
In addition, the electron density distribution at the boundary between the
liquid metal surface and the oxide is minimal, indicating the absence of
covalent bonding. The non-polar nature of the liquid metal also limits non-
covalent interactions, and the combination of these two effects results in
weak adhesion of the natural surface oxide to its molten parent metal, so that
this ultrathin oxide layer can be easily stripped onto the desired substrate.
The process is relatively simple and efficient, enabling the synthesis of large
areas of ultrathin materials with minimal defects. We took the photograph
of printed Ga, 05 film at the macroscopic scale. As shown in Fig. 1b, the one
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Fig. 1 | Schematic of the quasi 2D Ga,O; printing a
process and morphological characterizations.

a Flow chart of the process of preparing Ga,Os film
by liquid metal printing method. b Photograph of a
Ga,0; film on a silicon substrate, in which the green
part is the Ga,O; film, and the violet substrate at the
edges is the silicon substrate. ¢ A Ga,O5 film under
the metallographic microscope. The left image is the
bright field, observing its surface uniformity and
flatness, and the right image is the dark field,
observing whether there are noise and defects on its
surface. d AFM image at the step of the Ga,O; film,
showing its thickness of about 30 nm. e Schematic of
standard formation Gibbs free energy change for
common metals in liquid metal systems. The line
between the formation energies indicates a guideline
to the eye.
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showing purple color is the silicon substrate, and the one indicating light
green color is the printed Ga, 05 film. Our Ga,Oj; film shows good flatness
and homogeneity at the macro scale. We used metallographic microscope to
better examine the surface flatness of the films. The photographs under
metallographic microscope are shown in Fig. 1c. The left figure shows the
bright-field observation of the Ga,03. At 50 pm scale, it can be observed that
the surface of the Ga,Os; film is smooth and dense without obvious scrat-
ches, defects, noises and other structures that affect the film performance,
and the uniform color is also complementary to prove that the printed
Ga,0; has good flatness and integrity. The right figure is the image of the
film steps under the dark-field metallographic microscope, it can be seen
that the thickness uniformity at the film is good, and the junction between
the film and the silicon wafer is obvious, and there is no thickness gradient,
which fully explains the excellent uniformity and selectivity of the liquid
metal printing process.

We measured the film thickness accurately by Atomic Force Micro-
scope (AFM), and the results are shown in Fig. 1d. The film steps possess a
30 nm thickness mutation, which proves that the printed Ga,O; film has a
sharper thickness mutation at the edges with a height of 30nm. We

measured the thickness of the films printed with different number of layers,
and the data are shown in Supplementary Fig. 2. The measurements clearly
show that the increase in Ga,QOj; thickness decreases with the number of
printings, showing to some extent the self-limiting thickness of the films.
And this feature is crucial for 2D Ga, 05 film printing and processing, as the
thickness limitation at the nanometer level confines the film to the realm of a
two-dimensional material, which allows for restricted electron motion in the
film, allowing for quantization of energy and better selectivity in response to
light. Observation of the main part of the film inside the steps shows that the
film thins out near the edges, but no abrupt changes are observed, and the
slope of the thickness thinning is stable, which also indicates that the film
possesses a good thickness uniformity. Our printed Ga,O; maintains
nanometer-level thickness (no more than 30 nm) while the sample size is
large, giving it a promising application. In order to observe the Ga,O; film
morphology in a different way, we also used TEM to observe the film, and
the results are as follows Supplementary Fig. 3.

Figure le shows the standard formation Gibbs free energy change
(AGy), which indicates the activity of oxidation reaction of each common
metals. As Fig. le shows, the AG¢ of Ga,0j is the lowest of these common
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Fig. 2 | Material characterization of 2D Ga,0s.
XPS analysis of Ga, 05 thin films, a Plot corresponds
to the energy interval of 1110-1155 eV, b Plot cor-
responds to the energy interval of 14-29 eV, and

¢ Plot corresponds to the energy interval of
525-545¢V. d, e EDS spectroscopy of Ga,O; films
depicting the composition of the films in the form of
fluorescence pictures while showing their spatial
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distribution. f VB-XPS test plot of Ga,O; film, which
shows the valence band position. g Image of UV-
Vis-NIR spectrophotometer, which shows the band
gap of Ga,O; film. h Schematic of Ga,O; film band
structure.
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metals. This data indicates that Ga will be oxidized firstly in common liquid
metal system in thermodynamic theory. The oxidation kinetics during
liquid metal nano-printing follows a Cabrera-Mott mechanism™, where
interfacial electric fields drive cation diffusion through sub-nm oxide layers.
While classical models assume isotropic oxide growth, anisotropic electron
transfer at heterogeneous interfaces (e.g., liquid Ga/oxide) can locally alter
ion mobility”. This aligns with MD simulations showing thermal-force-
dominated ion hopping across disordered oxide interfaces™.

In order to verify the exact composition of the Ga,O5 films, we resorted
to X-ray Photoelectron Spectroscopy (XPS) and Energy Dispersive Spec-
trometer (EDS) analysis. Figures 2a-c shows the photoelectron energy
spectra of Ga2p orbitals, Ga3d orbitals and O1s orbitals, respectively. It can
be seen that in Fig. 2a, about 1120 eV and 1145 eV show two distinct sharp
peaks, and a review of the data indicates that these two absorption peaks
correspond to the 2p orbitals of the Ga element. The left-right symmetrical
spectral peaks identify the Ga element in the film as a compound, and the
characteristic energy loss peak at 1130 eV excludes the In3d orbitals with
similar characteristics, identifying the presence of compounds of the Ga
element in the film, and the In element is not detected, which also confirms
the order of generation of the oxide film analyzed in the previous section.
The energy interval in Fig. 2b corresponds to the Ga3d orbitals, and it can be
seen that the absorption peaks are a single unit without splitting, which also
identifies the presence of Ga in the film as a compound rather than a
monomer. The energy interval corresponding to Fig. 2¢ is the 1s orbital of O
element, and its peak width is less than 5 eV, and this XPS feature identifies
the presence of oxygen element in the film as a metal oxide rather than other
forms such as carbonate, water, and organic matter. At the same time, the
clear, symmetric peaks can be directly observed from the graph of the peak
half-height width, this feature can also be identified that the oxygen element

exists on the surface of the film only in the form of metal oxides, which
verifies that the main component of the oxide film is Ga,Os.

In order to determine the elemental composition of the synthesized
samples, EDS elemental analysis was performed and Fig. 2d, e indicate the
mapping of O and Ga elements, both of which can be clearly found in
the signals of these two elements, and the signals of O elements are more
intense due to the effect of the SiO,/Si substrate. It also can be clearly seen
that the spatial distribution of the elements O and Ga is very uniform, which
also verifies that the homogeneity of the Ga,Os film is very good from the
elemental point of view, and that there are no defects such as agglomeration,
film rupture, or excessive film thickness.

After verifying that the film consists of Ga,O5, we tested its crystalline
form by X-ray diffraction (Supplementary Fig. 4) and Raman spectroscopy
(Supplementary Fig. 5). The XRD test results show that the peaks of a-
Ga,0; and B-Ga,0s. Supplementary Fig. 4 shows the 110 and 510 crystal
planes of B-Ga, 0 and the 0006 plane of a-Ga,Os. This result proves that the
film contains a-Ga,O; and B-Ga,O; simultaneously, i.e., polycrystalline
Ga,0;. In addition, we further verified the Ga,0O; crystal structure by
Raman spectroscopy. The result is shown in Supplementary Fig. 5. The Al
(T0) peak of Ga,03 at 275 nm™" is shown clearly in the figure. However, the
565 nm"" peak of Ga,0; is masked by the highest peak which is the peak of
silicon. The test results of XRD and Raman spectroscopy together
demonstrate the presence of both a-Ga,O; and p-Ga,O; in the film. Its
solid-state physical properties also need to be tested to initially verify
whether it has good solar-blind X-ray detection performance. First, VB-XPS
was used to test the valence band position of the sample film to determine
the distance between the top of the valence band and the Fermi energy level,
and the results are shown in Fig. 2f. Taking the intersection of the tangent
line and the baseline at the original curve is the value of the valence band
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position, the result is 3.30 eV, which is a larger value relative to conventional
semiconductors.

In order to verify the solar-blind performance of the film, an absor-
bance test is required. As shown in Fig. 2g, we adopted a UV-Vis-NIR
spectrophotometer to perform the absorbance test, deriving the absorbance
curve and calculating the absorbance versus photon energy curve. The
intersection of the tangent line and the horizontal axis on the energy curve is
the forbidden bandwidth of the film, and the measured data is 4.26 eV. This
value is much larger than the maximum value of visible light energy, i.e.,
3.11 eV, so the visible range of light is impossible to make Ga,0; film
produce electron jump. Based on the valence band position and forbidden
bandwidth obtained from the test, the energy band structure of the Ga,0;
film can be schematically made, as shown in Fig. 2h. It can be seen that the
Fermi energy level of the Ga,0; film is closer to the bottom of the con-
duction band than to the top of the valence band, which predicts that it
should be an N-type semiconductor.

Notably, the measured bandgap value is slightly lower than the con-
ventional value for Ga,0s;. We propose three explanations for this phe-
nomenon. Firstly, high Vo concentrations create defect states 0.4-0.6 eV
below the conduction band minimum, reducing the effective gap by up to
0.55 eV. This aligns with Density Functional Theory (DFT) studies showing
each 1% oxygen deficiency lowers E, by ~0.11 eV in Ga,05”. Additionally,
liquid-metal-printed films contain metastable e-Ga,O5; domains (distorted
octahedral coordination) with intrinsically lower bandgaps (4.5-4.8 eV).
Phase mixing explains an additional 0.25 eV reduction®. Furthermore, at
20 nm thickness (near f-Ga,O5’s exciton Bohr radius of ~4 nm), weakened
quantum confinement softens the band edge by 0.1-0.2 eV*". Collectively,
these mechanisms—dominantly Vo defects, e-phase coexistence and
quantum confinement loss—account for the observed 0.6 eV reduction.
This deviation is consistent with defect-engineered Ga,0O; synthesized via
low-temperature solution processes.

Quasi-2D Gay0; X-ray detector devices
Based on the obtained high-quality quasi-2D Ga,O; films, we have con-
structed a quasi-2D Ga,0;-based X-ray detector, clarified the absorption of
X-rays and the ability of Ga,0O; films to perform photoelectric conversion,
and validate the potential of this printed film for application in the field of
X-ray detection. Figure 3a shows the schematic structure of the Ga,Os-
based X-ray detector linear array. In order to realize the formation of a low-
resistance and high-quality contact interface between Ga,O; and the elec-
trodes, Au is used as the electrode of the Ga,0; detector, and a fork-finger
electrode structure is adopted with a finger width of 100 um and a finger
spacing of 100 um, and the whole electrode unit has a width of 4 mm and an
electrode diameter of 1 mm, i.e., the size of a single. The fork-finger electrode
structure allows sufficient light transmission necessary for the transparency
requirement while simultaneously enhancing charge collection efficiency.
The interdigitated geometry reduces the average carrier transit distance to
the electrodes, minimizing recombination losses and thereby amplifying the
detected photocurrent signal. The distance between two neighboring pho-
todetector cells is 1.5 mm, which is significantly larger than the thickness of
Ga,03 (30 nm), mainly to avoid signal crosstalk caused by lateral diffusion
of photogenerated carriers and light scattering at grain boundaries.

In order to ensure the processing accuracy of the detector devices, the
Au electrodes were prepared by a magnetron sputtering process, and the
flow chart of the whole device preparation is shown in Fig. 3b. A shadow
mask with the desired electrode pattern was carefully aligned and placed in
direct contact with the sample surface prior to loading into the sputter
chamber. The chamber was evacuated to a base pressure of 0.08 mbar. High-
purity Au was used as the target material. Prior to deposition, the target was
pre-sputtered for 2 min in an Argon atmosphere at a pressure of 0.15 mbar
to remove surface contaminants. The actual deposition was then performed
under identical Ar pressure 0.15 mbar at a DC current of 20 mA for a
duration of 300 s. This process resulted in a uniform metal electrode layer
with a thickness of 20 nm. The shadow mask ensured the precise definition
of the electrode geometry without requiring subsequent lithography and

etching steps. Photographs of the X-ray detector array are shown in Fig. 3c.
The device contains 64 photodetector cells, each of which consists of a single
Metal-Semiconductor-Metal (MSM) structured detector. SEM was used to
observe the device microscopic morphology in more detail, as shown in
Fig. 3d, the demarcation line between the electrode and the Ga,O; film is
obvious, and the electrode has a clear contour, uniform morphology and
high surface flatness.

We have investigated a range of photoelectric properties of a quasi-2D
Ga,03-based X-ray detector line array. Figure 4a shows the system sche-
matic of X-ray detection, the I-V curve and responsivity test in the X-ray
shielding room, and the ray tube is made of tungsten target material, which
is consistent with the target material of medical X-rays, in order to more
conveniently transform the detector to the application scenarios such as
medicine. As shown in Fig. 4b, the Ga,O3 material displays the following
mechanism for X-ray detection: the absorbed X-ray photons excite the
bound electrons in the form of collisions, the rest of the energy is converted
into electron kinetic energy. X-ray photons impinging on the semi-
conductor deposit their energy, primarily through the photoelectric effect,
exciting electrons from the valence band to the conduction band. This
process generates a multitude of electron-hole pairs, these photo-generated
carriers are separated by the strong built-in electric field present in the
depletion region of the Schottky junction. Under the influence of this field,
holes in semiconductors are driven toward the negatively charged side of the
depletion layer, while electrons in metals are swept toward the positively
charged side. The migration of holes toward the edge of the depletion layer
effectively compensates for the fixed negative space charges in that region.
This compensation reduces the extent of the space charge region, leading to
a narrowing of the depletion layer width. Simultaneously, the accumulation
of photo-generated electrons within the semiconductor alters the local
electrostatic potential”. This accumulation, coupled with the narrowing of
the depletion layer, results in a reduction of the built-in potential difference
across the junction. Consequently, the energy barrier that governs charge
carrier transport—known as the barrier height—is lowered. This integrated
mechanism of photo-generated carrier generation and collection, coupled
with barrier height modulation, forms the fundamental principle by which
this detector converts absorbed X-ray energy into measurable electrical
signals.

We adopted a semiconductor analyzer (Keithley, 4200-SCS) to verify
the detection performance of the individual element. Supplementary Fig. 6
and Fig. 4c show the I-V curves of this detector element under bipolar and
tripolar tests. The dark current curve in Supplementary Fig. 6 represents a
typical device, showing that the Schottky junction is formed at the Au/
Ga,0; interface. Additionally, <10% deviation in saturated dark current
among 32 sampled devices confirmed the pixel homogeneity of our detector
(Supplementary Fig. 7). The observed consistency in morphology and I-V
behavior strongly suggests reproducible device characteristics—a critical
advantage of our printing methodology. Furthermore, the stable, extremely
low dark current provides another advantage for this device: an excep-
tionally low leakage current during non-operating states, ensuring low
power consumption. The curve of Fig. 4c characterizes more electrical
properties of the detector element. It has an obvious deep valley in the
negative voltage region, indicating that the main carriers of the detector
element are electrons, while the source-drain current has a significant dif-
ference under different gate biases. It is noteworthy that, unlike traditional
devices, the current curve in our device shifts to the right as the gate voltage
increases. To explain this anomalous phenomenon, we have included the
gate current (I,) measured simultaneously with source-drain current, as
shown in Supplementary Fig. 8. Throughout the entire voltage range, the I,
consistently remained at an extremely low level (i.e., within pA range), with
no abrupt jumps observed across any order of magnitude. This confirms
that the rightward shift in the curve is not attributable to dielectric break-
down. Additionally, we propose the following mechanism to explain this
phenomenon: V,, electrostatically dopes the channel, shifting the Fermi
level (E) relative to the conduction and valence bands. Scanning V,, sweeps
E}. from the valence band (hole-dominated transport) through the Charge
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Fig. 3 | Printing of Ga,0;-based X-ray detector
arrays. a Design diagram of the interdigitated elec-
trode, the upper figure shows the detailed para-
meters of a single interdigitated electrode, and the
lower figure shows the layout of the interdigitated
electrode array, with the array size of 8 x 8. b Flow
chart of electrode evaporation, firstly, the mask is
fixed on the prepared Ga,Oj thin film, and then after
fixing it completely, PVD evaporation is carried out,
and then after the evaporation is completed, the
mask is removed and the electrode array is obtained.
¢ Photographs of electrode array, it can be seen that
the evaporation electrode layout is very even and
clear. d Individual electrodes under SEM, under this
scale, the electrodes still maintain a very clear con-
tour as well as a homogeneous surface, and the
inserted teeth are not distorted and fuzzy, and other
defects appear.
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Neutrality Point (CNP) (minimum conductance) to the conduction band
(electron-dominated transport), creating the characteristic “V” shape. An
increasing V' ;. has two primary effects, it generates a stronger lateral electric
field and can induce electrochemical doping or polarization effects at the
semiconductor/electrode interface or within the bulk of the material
(especially if ionic or polar species are present). The core mechanism is
compensatory gate tuning. The electrochemical or polarization effect
induced by a higher V effectively dopes the channel in a manner
equivalent to applying a more positive V. This “bias-induced doping”
shifts the CNP to a more positive gate voltage. Therefore, to compensate for
this V 4-induced shift and return the Fermi level to the CNP (i.e., to find the
current minimum again), one must apply a more positive V. This is the
direct cause of the observed rightward shift. In contrast, in a conventional
Field Effect Transistor (FET), a higher V ;. simply pulls the channel potential
away from the gate’s control, leading to a loss of saturation and an upward
shift in the I;-V, curve.

This mechanism is not without precedent and has been reported in
studies concerning various advanced transistors. A study on GaN
FATFETs directly reported that “forward gate bias increased the Vyy”
and attributed these “Vy; shifts to electron capturing” at the interface.
This is a direct parallel to our observations®. In SiC MOSFETs, research
on the dynamic gate stress test of SiC MOSFETs highlights that
“threshold voltage drift is the most serious” issue under gate voltage
stress. The drift is linked to “interface defects” and “gate oxide charging,”
which aligns with our proposed explanation. Furthermore, the degra-
dation of gate electrical parameters in SiC MOSFETs under bias stress
also involves threshold voltage drift due to charge trapping in oxide
layers”. In general FET behavior, the fundamental principle that
applying a DC bias to the gate-source junction can set the operating point
is well-established. Persistent changes to this bias condition, through
mechanisms like charge trapping, can effectively alter the device’s
effective threshold, leading to the horizontal shift we observe®.
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Fig. 4 | Optoelectronic properties of printed
Ga,0;-based X-ray detector. a Schematic diagram
for detection system. The Keithley 4200 Source
Meter Unit was connected in series to apply bias and
simultaneously measure the current generated by
the Ga,O3 detector. b Schematic diagram of electron
transition by X-ray motivation. ¢ Tri-pole I-V curve
of the detector element, using the back side of the
wafer as the gate, and a pair of electrodes on the front
side as the source and drain, respectively, and the
curves shown in this figure are obtained by the test at
1V,2V,and5 V bias, respectively. d Comparison of
the detector element’s photocurrent with the dark
current, it can be seen that in the 20 kV X-ray
(radiation dose of 99 pGy,;,s") under the light and
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On the other hand, it can be seen that the dark current of the device
increases with increasing voltage, probably because the applied bias
exacerbates the ion migration inside the device. The detector generates a
response current under X-ray irradiation, and the response current density
increases with the applied bias voltage, suggesting that the applied electric
field also promotes the extraction of photogenerated carriers by the device.

Figure 4d shows the current-voltage (I-V) characteristic curves of a
single photodetector cell in the dark state and under X-ray tube irradiation.
A back-to-back Schottky junction with an MSM structure is used, where the
two contacts are symmetric and the current shows very good symmetry
under positive and negative bias voltages. The Schottky barrier height (®g)
is determined by the difference between Au work function (®y;=5.1€V)
and GayO; electron affinity (y=4.0eV), following @p=dp-X
(Schottky-Mott rule). Amorphous Ga,O; films prepared in an O, con-
taining atmosphere can suppress the defect states of the films and reduce the
carrier concentration, and the dark current of the obtained devices can be
maintained at a low level. From the figure, it can be seen that the dark
current of the device is extremely low, only 0.01 nA at 10 V bias, which is
mainly due to the high resistivity and wide forbidden bandwidth of the
prepared Ga,Os. Low dark current is one of the basic requirements for
realizing high signal-to-noise ratio X-ray detectors. When there is X-ray
illumination, the photocurrent of the device is obviously larger than the dark

current, and there is an increase of several orders of magnitude. As sup-
plementary Fig. 9 shows, at 10V bias voltage and the dose rate of
1.55 uGys ', the photocurrent is about 1.5nA, which is two orders of
magnitude larger than the corresponding dark current, which indicates that
the prepared device has good photosensitive characteristics and has great
potential for application in X-ray detection. Simultaneously, to rule out any
potential influence of the silicon substrate on X-ray response, we compared
the photocurrent of the silicon wafer under identical conditions with that of
our detector device. Figure 4d demonstrates that its photocurrent is one
order of magnitude lower than that of the detector device, confirming that
the silicon substrate has a negligible impact on detector performance.
Additionally, to verify the detector’s reliability, we tested its photo-
current response under different radiation dose rates (Supplementary
Fig. 10). The figure shows that under specific bias, the device’s photocurrent
exhibits a clear positive correlation with dose rate. Simultaneously, each
photocurrent curve in the figure displays the classic MSM structural char-
acteristics. Together, these phenomena demonstrate that the device pos-
sesses excellent X-ray detection performance. Furthermore, to more
precisely quantify the X-ray detection performance of the device, we tested
the responsivity of the X-ray detector under X-ray irradiation of different
dose rate, showing the result in Fig. 4e. The responsivity of the detector was
calibrated using a relative intensity scale referenced to a defined baseline
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X-ray flux. The baseline flux was established at a tube voltage of 20 kV and a
tube current of 300 pA, corresponding to a measured air kerma rate of
49.5 uGy/s. This baseline condition was assigned a relative intensity of 1. The
X-ray tube current was then systematically varied from 300 pA to 900 pA (at
constant 20kV), thereby proportionally increasing the relative intensity
(and the air kerma rate). For each tube current setting, the photocurrent
(Iiign) under X-ray exposure and the dark current () were measured.
Since we observed that the photocurrent does not follow a linear relation-
ship with the dose rate in the detectors reported in this paper, according to
the conventional definition of responsivity, responsivity varies significantly
at different dose rates, which may lead to confusion regarding the device’s
response performance. Therefore, we adopted a new definition, namely
Logarithmic Responsivity that differs from conventional methods, to
characterize the photo-response properties of this device. The detector’s
logarithmic responsivity (R) was then calculated using the formula:

Iy
R=log), <Ilihf) ey

dark

Finally, the calculated R values were plotted as a function of the relative
intensity and fitted with a linear function to characterize the detector’s
response linearity over the tested flux range. From the figure, it can be seen
that the device in any ray intensity, have a good optical response, and the
logarithmic responsivity and ray intensity into an obvious linear relation-
ship, the fit to get R* = 0.973, which fully demonstrates that the detector can
be different intensity of X-rays of different intensity of the optical response,
with a good intensity resolution. Unlike most photodetectors, our device
exhibits a pronounced superlinear increase in photocurrent with dose rate
within the tested range. After comparing various fitting methods, the
exponential law most closely approximates this superlinear growth.
Regarding this phenomenon, we proposed a different regime: At low dose
rates, a large number of deep-level traps in the material (such as oxygen
vacancies) capture photo-generated carriers. These trapped charges cannot
participate in conduction and form space charges within the detector that
create counter-electric fields, resulting in extremely low carrier collection
efficiency and minimal photocurrent. As the dose rate increases, the number
of generated carriers grows, beginning to fill these traps*. As traps gradually
fill, two critical changes occur: reduced trap-assisted recombination and
enhanced built-in electric field. The decrease in trap-assisted recombination
significantly increases carrier lifetime, while the enhanced built-in electric
field—formed by trapped hole charges—reinforces the applied electric field.
This combination dramatically boosts carrier collection efficiency (the pt
product). Together, these form a positive feedback loop, more carriers
enable more traps to be filled, achieving higher collection efficiency, ulti-
mately deploying more carriers. This manifests in the curve as a segment
where the photocurrent exhibits superlinear or even near-exponential
growth with dose rate.

The detector demonstrates exceptional stability and consistency across
a wide range of dose rates, confirming its robustness for practical applica-
tions in dynamic radiation environments. This further underscores its
potential for accurate and reliable dose measurements without requiring
complex calibration procedures. Such performance advantages highlight the
detector’s suitability for real-time radiation monitoring systems where
precision and reliability are paramount. Furthermore, the response levels at
different dose rates derived from the fitted straight lines also align with the
results presented in the Supplementary Fig. 10. It should be noted that
Intrinsic material resolution # electrode sampling limit, the 20 nm quasi-2D
Ga,0; film confines charge carriers laterally within <200 nm (by >10° Q-cm
resistivity), enabling material-limited resolution of 1.2 um. This is governed
by carrier diffusion length (L= V(D7) <02 um)*, not electrode pitch.
Electrode spacing sets the Nyquist sampling limit (750 pm), but does not
degrade the intrinsic resolution, as demonstrated in thin-film detectors
where sub-pm resolution persists at mm-scale pitches*. In addition, the
claimed 1.2 um resolution refers to the detector’s intrinsic capability (vali-
dated by charge-collection efficiency models). The imaging system’s

Table 1 | Comparison of the performance between the X-ray
detectors in this work and the detectors reported in the
literature

Material Thickness (hm)  Driving Sensitivity (uC Gy
voltage (V) cm?)

CH3NH3Pbl3® 600 0 1.5 (calculated by
bulk sensitivity)

amorphous 250 50 6.77 (calculated by

Ga,05” bulk sensitivity)

1GZO®° 300 0.3 8.5

Pentacene®’ 300 —4 4.87 (calculated by
bulk sensitivity)

k-Gay03% 440 500 15

GaN? 5.7x10° 0 0.17

CsPbBrz> 20 0.1 1450

B-Gay0s/Mg* 10° —1000 338.9

Cs,AgBIBre™ 10° 400 40

Diamond®* 3x10° 300 44.46 (calculated by
bulk sensitivity)

Quantum Dots® 2x10° 1 431

Perovskites™ 6x10° 1 1409

Gay03 (this work) 30 -10 6050

effective resolution (15 um) is dominated by optics/scintillator limitations,
consistent with Siemens star results (5.6 [p/mm =~ 178 um). Large spacing
prevents electrical crosstalk while preserving signal fidelity—a trade-off also
adopted in diamond detectors®. Therefore, it proves that the detector array
has a good imaging detection basis in theory.

Assuming almost no energy loss during transmission, the local irra-
diation dose rate of the device can be calculated using the following
expression™

A
D = Dy X A (2)

tot

where Dy, is the total dose rate of the entire X-ray irradiated area, A is the
area of the total irradiated area, and D and A are the dose rate and effective
area of each device. Considering that the total dose rate D, of X-rays at
20kV 600 pA is 99 uGys™, the total effective irradiated area A is about
1024 mm’, and the effective area A of a single device is 16 mm’. According to
the formula, we can obtain that the dose rate of a single device will be about
1.55 uGys™. Under this dose rate, the average response current of X-rays is
about 1.5 nA under the bias of 10 V. Therefore, one has:

Al
AxD

S= 3)

where § is the sensitivity and I is the response current to X-rays, the sen-
sitivity is calculated to be 6050 pC/Gy/cm”. Notably, since the photocurrent
of this device does not exhibit a linear relationship with the dose rate, the
sensitivity defined by Eq. (3) also varies with changes in dose rate. To
facilitate comparison with other X-ray detectors, we set the sensitivity at
1.55 uGys" as the reference point. After obtaining the sensitivity of the
Ga,0; thin film, we made a side-by-side comparison with the existing thin
film X-ray detectors, focusing on the three parameters of sensitivity, driving
voltage, and thickness, as shown in Table 1. The comparison results show
that the thin-film detector in this work has the advantages of high sensitivity
and low driving voltage, and the performance has a great advantage over the
remaining gallium-based thin-film devices. It can be seen that the sensitivity
of our prepared devices occupies a clear advantage, coupled with the
characteristics of the film preparation process is simple, easy to repeat and
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large area preparation, which is of great significance for X-ray detection of
materials. The sensitivity of our detectors far exceeds that of conventional a-
Se detectors (20 pC/Gy/cm?).

We adopt the simplified model used by Girolami et al.”’, according to
which the theoretical upper limit of the surface sensitivity (S,,,,) is given by:

e = P4 @)
VE;
E; = 2B, + 143 (5)

where e=1.61 x 107"°C is the electron charge, yp and y (cm’ g™') are the
mass attenuation coefficients of the active layer material and dry air,
respectively, at the photon energy Eph. In the case of the device introduced
in this work, the active material is a Ga,Os thin film with thickness
d =3 x10"*m. We can now obtain simple operative expression to evaluate
Simax- We assumed the density of Ga,05 p=5.9 gcm >, by considering a
photon energy Eph = 20 keV, which is the most probable energy in the case
of a W-target X-ray tube, the mass attenuation coefficient” is
up=2944cm2g . At the same photon energy (20keV), the mass
attenuation coefficient of dry air is y=9.92cm’g". Finally, being the
bandgap energy E,=4.26¢V, the estimated electron-hole pair creation
energy is E;=2 - 426+ 143=9.95eV = 1.594 x 10"*]. The calculation
yields Spax = 53.056 uC Gy™ cm, which is much lower than the measured
value (6050 uC Gy cm), thus confirming the existence of photoconduc-
tive gain. And the gain G = S/Syax = 114 shows typical gain value of 2D
devices.

For X-ray detectors, the minimum detection limit (LoD) is an
important parameter. We measured the device’s SNR at dose rates of 39, 64,
130,260, 387, 520, and 775 nGy/s, obtaining a curve of SNR versus dose rate,
and the curve is shown in Fig. 4f. Following standard practice, we define the
dose rate corresponding to SNR = 3 as the minimum detection limit for this
detector. Based on the image analysis, we calculated the minimum detection
limit for this detector to be 55.2 nGy/s. This value demonstrates extra-
ordinary detection performance for X-ray and meets medical testing
requirements (5.5 uGy,i,/s)".

Since our films owns homogeneity and support multi-channel detec-
tion on surface arrays, we have innovatively applied gallium-based semi-
conductor films to X-ray imaging, thus creating a low-cost, large-area, high-
performance X-ray imaging system, the schematic of the system is shown in
Fig. 5a. X-ray imaging systems are able to utilize the advantages of multiple
devices to obtain high contrast images with a small irradiation dose. In order
to effectively prevent the problem of current crosstalk from multiple devices,
each detector needs to be discrete and does not interfere with each other
during testing. While this proof-of-concept array has a limited field of view,
the quasi-2D nature and semiconductor compatibility of the Ga,O; film
make it highly suitable for integration into the miniaturized and modular
imaging systems that represent the future of diagnostic and non-destructive
testing technology. To verify the long-term stability of this detector, we
stored a sample under natural conditions for 1 year and irradiated it with an
identical dose rate during testing. This yielded a comparison of the photo-
current between the fresh sample and the sample after 1 year, as shown in
Fig. 5b. According to the test data, the device exhibited less than 15%
performance degradation after 1 year, demonstrating excellent long-term
stability. Furthermore, we measured its response time. The change in cur-
rent of the device over the time was measured by periodically switching the
X-rays on and off, i.e., time-dependent photo-response performance testing.
The results in Fig. 5¢ show that the device exhibits reproducible time-
dependent response properties with cyclic X-ray irradiation both at a con-
stant voltage bias of 10 V and after six cycles of switching the light on and off.
Figure 5c¢ clearly shows six distinct ON and OFF periods. Following stan-
dard procedures, we selected six complete periodic signals that had reached
steady-state signal arrival for measurement™. The responses are highly
consistent but not artificially identical, displaying the minor fluctuations
characteristic of experimental data. As it can be seen in Supplementary

Fig. 11, the rising (from 10% to 90% of the saturated X-ray signal) and falling
(from 90% to 10% of the saturated X-ray signal) times of the detector based
on Ga,0O; film under 10V bias are about 43.7 and 42.6 ms, respectively,
showing a relatively fast response time. The periodic repeatability shown in
Fig. 5¢ and the intra-cycle stability presented in Supplementary Fig. 11
collectively demonstrate that the device exhibits excellent cycling stability.
During testing the Ga,O; devices consistently maintained a stable low
response current and sensitive response speed during X-ray irradiation, and
the dark current was consistently maintained on the order of pico-ampere.
This remarkable combination of ultralow dark current and rapid response
highlights the detector’s excellent signal-to-noise ratio and operational
stability in radiation detection. Such performance not only ensures accurate
signal acquisition under low-dose exposures but also underscores the
potential of Ga,O;-based detectors for use in high-precision radiography
and low-dose diagnostic applications, offering a significant advantage over
conventional detectors that often suffer from high noise and slow
response times.

Furthermore, we explored the rising edge and falling edge response
times in several cycles, and counted them and drew box line plots and
normal curves, showing the results in Fig. 5d. The Q1, Q2 and Q3 bins of the
statistics are presented in the figure, and the extreme deviation of each set of
data is labeled with error bar. The figure shows that the rising edge response
time has a relative standard error of 5% while the falling edge has a relative
standard error of 7%, verifying the stability of the detector response time. In
CT imaging, the X-ray exposure time per tomographic scan correlates with
the source rotation speed. Conventional CT imaging operates at a sampling
frame rate of 30 Hz, requiring device response times not exceeding 50 ms
(Nyquist sampling limit). The X-ray detector response time in this study
meets the aforementioned requirements, and Fig. 5d shows the excellent
stability of the detector response time, thereby demonstrating its potential
application value in medical CT scanning.

Supplementary Fig. 12 shows the schematic diagram of the imaging test
system we built, the imaging test is carried out in a ray-shielded environ-
ment, and the copper sheet with a thickness of 1 mm is cut into the shape of
“L” and “M”, and fixed in the position of 4 mm above the array through the
hollow bracket, in order to Avoid metal-to-metal contact leading to short
circuits and other unexpected phenomena. During imaging tests, we placed
different imaging objects such as the letters “L” and “M” in front of the
photodetector array to produce different light fields on the photodetector
array plane. During the imaging process, we manually selected the pixels to
be tested one by one, and the signal acquisition device—semiconductor
analyzer—collected the current output signals from each photodetector
unit. Subsequently, using Matlab software, we combined the photodetector’s
output current with the corresponding position coordinates to reconstruct
the image. Figure 5e shows the imaging objects and their corresponding
imaging results. As can be seen, these images can be clearly identified,
indicating that quasi-2D Ga,O;-based X-ray photodetector arrays have
potential application prospects in CT imaging. Figure 5e is the spatial dis-
tribution of the X-ray intensity measured after we used a copper sheet to
block the X-rays, and it can be seen that the detector clearly presents the “L”
“M” At the same time, we look at the part that is not covered by the copper
sheet, and its logarithm responsivity is very uniform, and there is no noise,
bad spots and other phenomena. On the other hand, there is a significant
decrease in the logarithm responsivity of the part obscured by the copper
sheet, and according to the data of the fitted straight line, the X-ray intensity
is calculated to be 0.45 times of the relative intensity, which is similar to the
result obtained from the calculation of the linear absorption coefficient of
X-rays of the copper sheet. Further, it can be seen from the figure that there is
a slight decrease in logarithm responsivity at the outer edge of the part
shaded by the copper sheet, which should be attributed to the existence of a
slight shielding of the outer edge portion of the array by the copper sheet,
which does not shield the main part of the electrodes but affects the total
radiation intensity of the electrode region at the outer edge, producing a
slight decrease. While large electrode spacing reduces sampling density, it
enables high-voltage operation (>100 V) without breakdown. The 15 um
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Fig. 5 | X-ray imaging output of Ga,03 detectors. a Schematic diagram of X-ray
imaging. The field of view in this direct-irradiation configuration is constrained by
the physical area of the 8x8 array (approximately 3.2 x 3.2 cm?), limiting the object
size for a single-shot image. Future systems could incorporate optical focusing
elements or scanning mechanisms to image larger objects. The animal on the
schematic represents any object. b Comparison of photocurrent between fresh
samples and the same samples after one year. Samples stored under ambient con-
ditions for one year exhibited photocurrent responses close to those of fresh samples,
demonstrating the device’s excellent long-term stability. ¢ Response time test of the
detector, were measured six cycles, with the average response time of the rising edge
as 43.8 ms, while the falling edge response time as 42.5 ms, at the same time. The

O Perovskites (Ref. 61)
This work

relative current of the illumination is around 1000, which shows that it owns the
characteristics of cyclic stability. d Box plots of the rising and falling edge response
times of the detector, with the boxes indicating the Q1 through Q3 bins, the error bar
reflecting the extreme deviation of each set of data, and the normal curve showing the
distribution of response times. e Imaging validation effect diagram of the detector,
using 1 mm thickness of copper shielding X-rays, and measure its relative current,
high relative current is marked in blue, low relative current is marked in yellow. The
imaging of the “L” and “M” letters are clearly seen. Further, the corner and the
structure are clearly displayed. f Comparison of detector performance, our work is
marked as a red pentagram in the figure.

system resolution remains suitable for medical/industrial applications (e.g.,
mammography requires 5-10 Ip/mm). Future designs may implement
multi-scale electrodes to bypass this trade-off.

After verifying the X-ray detection performance, we made a side-by-
side comparison of the present work with previously reported X-ray
detectors, focusing on two metrics, sensitivity and drive voltage, and the
results are shown in Fig. 5f. Our detectors feature top-tier sensitivity while

operating at a low driving voltage (10 V). While several recent reports on
optimized thin-film sensors have demonstrated high sensitivity in the order
of 10° uC/Gy/cm? at operating voltages below 5 V***, our work distin-
guishes itself through a different set of advantages in simplified fabrication
process and enhanced stability. Solution-printed quasi-2D Ga,O; detectors
combine industry-compatible fabrication, peer-leading sensitivity and
record-low operating voltage (10 V)—critical for monolithic integration
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with back-end-of-line integration™, ensures that our detector can function
in electronic circuit chips without contaminating the silicon substrate”’,
demonstrating that our technology fills a critical niche in low-voltage,
printable detectors for integrated imaging systems. Admittedly, the 10V
driving voltage limits its ability to integrate directly with CMOS circuits.
However, its relatively low voltage preserves the potential for implementing
system-level solutions using interface circuits™.

Conclusion

In summary, we demonstrate a novel low-cost printing process for quasi-2D
Ga,0; and X-ray detectors. This straightforward and efficient method
enables rapid large-area fabrication of quasi-2D Ga,0O5 with uniform film
quality and thickness control, providing a critical foundation for achieving
high spatial resolution in pixelated arrays. Simultaneously, the wide band-
gap (~4.26 eV) and low dark current of quasi-2D Ga,O; inherently favor
potential-resolution detection by suppressing noise sources that degrade
energy resolution in narrow-gap materials. Meanwhile, the wide bandgap
(~4 eV) and low dark current of quasi-2D Ga,Ojs create inherent advantages
for potential energy-resolved detection by suppressing noise sources that
degrade energy discrimination in narrow-gap materials. We systematically
study the detection performance of the detector, showing good spatial
resolution and energy resolution, large differences in the responsivity to
different intensities of X-rays (slope), and the logarithm responsivity and the
X-ray intensity with a good linear relationship (R-squared), in terms of
spatial resolution, the tiny detector element (element linearity) to ensure
that the device can be in the mm precision detection of the intensity dis-
tribution of spatial X-rays. The device exhibits a falling-edge response time
of less than 45 ms, which proves that the device has a good transient
response to X-rays, and this also lays a solid foundation for new CT imaging.
We have also constructed an 8 x 8 X-ray detection imaging array system
based on amorphous quasi-2D Ga,O; using liquid metal nanoimprinting
technology for the first time. This work provides a simple, efficient and low-
cost new strategy for large-area, high-quality and controllable preparation of
next-generation high-performance X-ray detectors and imaging systems,
which is of great significance and value for the development of sensitive, fast
and stable X-ray imaging detectors and even CT core detection components.
While this study focuses on foundational sensitivity and low-voltage
operation metrics, quantitative spatial/energy resolution measurements
require pixelated array integration and spectroscopic characterization—
important next steps for practical implementation.

Methods

Film growth and device preparation

The film is grown on P-type single-throw 4-inch wafers (100 crystal faces,
oxide layer thickness of 5000 A). In order to ensure good contact between
the Ga,O5 film and the wafer when printing, the plasma cleaner of Tangshan
Yanzhao Science and Technology Research Institute, model YZD08-2C, is
used to carry out ultraviolet bonding treatment, treatment time 2 min,
oxygen flow rate of 0.6 L/min. After plasma treatment, the sample is fixed
with high-temperature tape on an adjustable-temperature heating table of
Chint Electric Model NXB-63 and heated to 150 °C and started liquid metal
printing. Eutectic gallium indium (EGaln) was made from Ga (4N purity,
China New Metal Materials Technology Co., Ltd) and In (99.995% purity,
Zhuzhou Konen New Materials Co., Ltd) with a mass ratio of 75.5:24.5, and
was also heated to 150 °C, and flexible PDMS sheets were used to print the
EGaln liquid onto the wafer. EGaln liquid was coated and printed on the
wafer using a flexible PDMS sheet, and each printing process lasted for
3 min, after which the EGaln droplets were recovered, and the residual
liquid metal on the wafer surface was wiped with boiling anhydrous ethanol,
and the above process was repeated for 10 times after wiping to obtain
Ga,0; films with very good homogeneity. After that, gold electrode is
vaporized on the film by the PVD method, using a vaporizer of Changzhou
Hongming Instrument HM-ETD-2000C, with 0.15 mbar of argon in the
chamber for 5 min, and the current was kept at 20 mA to vaporize a uniform
layer of gold electrode.

Surface characterization and composition verification
Metallurgical microscope model LV-UEPI-N from Nikon, Japan, is used
firstly to observe the macroscopic homogeneity of the samples at a mag-
nification scale of 200 times. After that, the surface flatness was examined
using a Bruker FastScan atomic force microscope with a scanning range of
50 um x 50 pm. To verify the film composition, XPS test (ESCALAB250Xi,
by ThermoFisher Scientific, China) was used to detect the X-ray photo-
electrons of Ga 2p, Ga 3d, and O 1s orbitals in the energy intervals of
1110-1145 eV, 14-30 eV, and 525-545 eV, which can be verified that the
films contain only Ga,O3 by comparing with the results of the EDS analysis
(QUANTA FEG 250, FEI, US). Optical band gaps were calculated via
absorption of the films, which were measured through UV-VIS-NIR
spectrophotometer (Cary 7000, Agilent, US). Moreover, to show the shape
of the electrodes, SEM (QUANTA FEG 250, FEI, US) was used with a
scanning range of 2 mm X 2 mm.

Electrical performance testing

The electrical performance tests covered in this paper were performed using
a high-precision Lake Shore’s 4200 parameter analyzer. The Ga,O; film
contact test was conducted by I-V test, with the voltage scanned from —10 to
10V in 0.1 V. In the carrier characterization test, the wafer is polished and
sprayed gold on the backside as the gate, and applied bias voltages of 1V,
2V, and 5 V, which were all scanned from —50 to 50 V in 0.5 V increments.

For the photodetection part, X-ray tube from Dandong Shenbo Elec-
tronic Instruments (Tungsten Target) is used, with an applied tube voltage
0f 20 kV, a tube current of 600 pA, and a beryllium window of 5 cm from the
sample, and the above parameters were also applied to the X-ray tube
parameters for imaging detection and to those for response time. While for
the responsivity test, the tube voltage is kept constant and the tube current is
changed from 300 to 900 pA to measure its photocurrent, respectively.
Additionally, the incident dose rate in air at the surface of the detector was
calculated based on the pre-calibrated output of the X-ray source, deter-
mined using a HA1100Med calibrated ion chamber and electrometer. The
dose rate was varied by adjusting the tube current (I) while keeping the tube
voltage (V) constant at 20 kV.

For the response time test, the ray tube parameters were chosen as
mentioned before, i.e., tube voltage of 20 kV, tube current of 600 pA, and its
ray intensity of 99 uGys . The response time was determined through
direct optical switching measurements with pulse generators (Teslaman
TXMP1006, Dalian, China). Each pulse lasts 200 ms, with a 200 ms interval
between pulses to ensure complete system stabilization, which ensures that
the device has sufficient time to relax back to the ground state when there is
no ray irradiation. Current transients were recorded at 100 Hz sampling
(Keithley 4200-SCS, integration time 10 ms). The 43.8 ms rise time repre-
sents the 10-90% transition duration averaged over 6 shutter cycles, while
the Keithley 4200-SCS parameter analyzer recorded the photocurrent
temporal response at 10 ms sampling intervals (integration time per
data point).

Image reproduction

In this work, the detection arrays are laid out in 8 x 8 squares, so the images
are also divided into 8 x 8 square arrays during image reproduction, and the
color of each small square represents the logarithm of the light-to-dark
current ratio, i.e., the logarithm responsivity, with blue representing a high
logarithm responsivity and yellow representing a low logarithm
responsivity.

The 64 sensors (8 x 8 matrix) were fabricated on a common substrate
with a shared ground electrode. Each pixel’s top electrode was connected to
an individual readout channel via low-noise, shielded coaxial cables. A
single, stable DC bias of 10 V was applied to the common ground plane,
biasing all pixels simultaneously and uniformly. We employed two National
Instruments PXIe-4302 high-density analog input modules (32 channels
each, 64 total) installed in a PXIe-1082 chassis controlled by a PXIe-8880
controller. This system allows for perfectly simultaneous, synchronous
sampling across all 64 channels. All channels share a common analog-to-
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digital converter clock and trigger, eliminating timing skew between pixel
measurements. For the imaging experiment, data was acquired at a rate of
1 Hz (1 sample per second per channel). This rate was chosen as it ade-
quately captures the slow variation in X-ray exposure during the imaging
process while maximizing the signal-to-noise ratio. The raw current data
from all 64 channels was streamed directly to a PC running LabVIEW
software. The software displayed the real-time current values for monitor-
ing. For image construction, the average photocurrent (I photo —I dark) for
each pixel over a stable exposure period was calculated. This 8x8 matrix of
values was then mapped to a grayscale image using MATLAB, as shown
in Fig. 5e.

Data availability

The data used to determine the data points shown within the plots presented
in this paper, and other findings from this study, are available from the
corresponding author Jing Liu upon reasonable request. The email address
of Jing Liu is: jliu@mail.ipc.ac.cn.
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