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Abstract—Developing compact, low-dose X-ray detectors
demands novel material integration strategies to enhance
sensitivity and scalability. While emerging materials like
MXenes offer advantages over conventional perovskites in
environmental stability and carrier transport, their interfacial
dynamics with semiconductors remain a critical performance
bottleneck. Here, we report a TizC2Tx MXene/Si X-ray detector
with a graphene-engineered heterointerface that achieves
outstanding performance metrics. By inserting a monolayer
graphene between MXene and silicon, we suppress dark current
by two orders of magnitude while doubling photocurrent under
X-ray irradiation (20 keV, 1.62 pGyair s™!), yielding a record
sensitivity of 2.5 x 10¢ pC Gyair! cm™2. The optimized device
demonstrates ultra-low noise spectral density (1.6 x 1026 A2-Hz
1) and limit of detection (1.27 nGyair s™'), and rapid response
speed (38 ps). Leveraging a single-pixel imaging system with
Hadamard modulation and iterative reconstruction algorithms
(ISTA), we validate high-resolution radiography capabilities.
Crucially, the van der Waals-integrated MXene/graphene/Si
architecture, enabling scalable fabrication with low-dose and
high-speed X-ray detection. This interfacial engineering
strategy addresses key challenges in hybrid X-ray detection and
establishes a universal framework for integrating 2D materials
with CMOS-compatible platforms, advancing next-generation
medical, security, and industrial imaging technologies.
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I. INTRODUCTION

Compact and ultrafast X-ray detectors are crucial for
emerging medical, security, and industrial applications. These
detectors directly convert X-rays into electrical signals,
enabling low-dose operation while eliminating the need for
scintillators. Artificial layered systems with high atomic
number elements and favorable carrier transport properties
such as perovskites, MXenes, and other 2D materials are
particularly attractive due to their high X-ray sensitivity, ease
of integration with conventional semiconductors, and
compatibility to back-end-of-line (BEOL) CMOS process [1-
6]. MXenes offer advantages over lead-based perovskites and
other layered systems, as they can be synthesized free from
hazardous and environmentally unstable elements [7, 8]. Their
high electrical conductivity, excellent optical transparency,
and solution processability make them suitable for large-scale
image sensing [7]. In addition, the ability to tune their work
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Fig.1 (a) The schematic diagram of the Ti;C,T, MXene/Graphene/Si device.
(b) Cross-sectional AC-TEM image of Ti;C,Tx MXene/Graphene/Si with
protected Pt layer. (c) The photo of MXene nanofilm (2-inch) on AAO
membrane.

function (1.6 to 6.2 eV) through surface modification allows
for forming both Schottky and Ohmic contacts with various
semiconductors [9]. Recent studies have explored
MXene/semiconductor Schottky junctions, MXene/quantum
dot heterojunctions, and MXene electrodes in perovskite
devices for various photodetection applications [9-13].

Our previous work demonstrates the potential of van der
Waals (vdW) integrated Ti3C,Tx MXene nanofilms on silicon
for ultrafast and sensitive X-ray detectors capable of
producing X-ray images with limit of detection down to 2.85
nGy.ir 7' [5]. In these detectors, the interface between the
MXene and the bulk semiconductor is critical, fundamentally
defining the performance and sensitivity. We observed that
our Ti3CoTx MXene effectively absorbs X-rays and generates
a large density of hot electrons suitable for photothermionic
emission at the MXene/Si Schottky interface. In this study, we
demonstrated significant suppression in dark current by two
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Fig.2 (a) TEM image of the Ti;C,Tx flake. (b) AC-TEM image of Ti;C,Tx
flake. The inset showed the corresponding SAED pattern. (c¢) Raman
spectrum of the Ti;C,Tx MXene nanofilm. (d) Raman spectrum of the
monolayer graphene. (e)-(f) XPS spectra of the Ti;C,Ty MXene nanofilm
(Ti 2p and O 1s core-level, respectively).

orders and improved X-ray sensitivity by 100% by inserting
graphene interfacial layer at MXene/Si junction. This
interfacial engineering approach offers a simpler alternative,
avoiding the need for sophisticated deposition techniques
typically used to create high-k dielectric and buffer layers for
improved charge transfer at Schottky interfaces and
improving photoinduced charge transfer that even reflects in
the improved sensitivity of X-ray detection [14].

II. MXENE/S1 X-RAY DETECTOR WITH GRAPHENE
INTERFACIAL LAYER

A. Device Design and Fabrication

We fabricated two sets of TizC;Tx MXene/Si
heterojunctions, with and without graphene interfacial layer.
A n-type silicon substrate with SiO» layer was first patterned
via photolithography and then SiO, was selectively etched
with buffer etchant to form Si windows. Ti3C;Tx MXene
nanofilm was prepared by vacuum filtration on an Anodic
Aluminum Oxide (AAO) membrane. For the first set of
samples, MXene nanofilm was directly transferred on silicon
window (2 mm X 2 mm) using water-assisted peeling method
described in our previous study [5]. For the second set of
samples, a high-quality monolayer graphene was first
transferred over the Si-window using a water-assisted method,
followed by oxygen plasma etching and rapid thermal
annealing (N atmosphere, 400 °C, 5 min) to improve the
quality of graphene-Si interface. Here, graphene was
selectively pattered to confine within the Si window area.

Ti3C,Tx MXene layer was then transferred and patterned on
this graphene/Si interface as shown in the schematic (Fig. 1a).

B. MXene/Graphene/Si Heterostructure

Fig. 1b shows the Aberration-Corrected transmission
electron microscopy (AC-TEM) result of the cross-section of
Ti3C,Tx MXene/graphene/Si  heterostructure. It reveals
coherent bonding between the highly ordered Ti3C,Tx MXene
layer, monolayer graphene and silicon substrate. This
atomically smooth heterointerface configuration enables
efficient charge carrier transport. Fig. 1¢ shows a 2-inch-sized
Ti3C,Tx MXene nanofilm on an AAO membrane, which
demonstrates a smooth and uniform surface morphology. Fig
2a displays the AC-TEM image of the Ti;C,Ty flake with
uniform surface. Fig. 2b exhibits a characteristic hexagonal
arrangement of Ti3C,Tx flake and its single crystallinity is
further validated by the selected area electron diffraction
(SAED) pattern in the inset of Fig. 2b. Shown in Fig. 2c, the
significant Raman peaks of TizCoTx appeared at 201 and 715
cm’!, corresponding to the A, vibration of Ti-C bonds. In Fig.
2d, the almost absent D peak (1350 cm™) indicated the
structural integrity of the monolayer graphene and its ultra-
low defect level. To confirm the composition and surface
functional groups, X-ray photoelectron spectroscopy (XPS)
was conducted to analyze the electronic states of the Ti3C,Tx
flake. Fig. 2e shows the Ti 2p core-level spectrum of Ti3C,Tx
flake, which is deconvoluted into four doublets (Ti 2ps., Ti
2p12) corresponding to Ti-C bonds (Ti"), Ti?*, Ti**, and TiO,
(Ti*"), respectively. In Fig. 2f, the O 1s core-level spectrum is
fitted with four peaks which are attributed to TiO,, Ti—O-Ti,
C-Ti-0O, and Ti—OH, respectively. The presence of oxygen
and OH terminated groups lead to slight differences in
Schottky barrier heights over the MXene-semiconductor
interface. Here, adding a graphene layer presumably
decouples the direct interaction between MXene and Si, thus
providing a more uniform Schottky barrier over the entire Si-
window.

III. X-RAY RESPONSE AND IMAGING

A. X-ray Response Characteristics

Fig. 3a shows the schematic diagram of the system for
testing X-ray response of the detectors. We employed an X-
ray source (Mini-X2, Amptek) to irradiate the device, while
using a digital Source Measure Unit (Model 2460, Tektronix
Keithley) to apply bias voltage and record its current signal.
Fig. 3b displays the I-V curves of Ti3C.Tx MXene/graphene/Si
(MXene/Gr/Si) and Ti3C,Tx MXene/Si (MXene/Si) devices
under dark conditions and X-ray irradiation (20 keV, 1.62
uGyair s7'). Due to the incorporation of the high-quality
monolayer graphene, the dark current of the MXene/Gr/Si
device was reduced by nearly two orders of magnitude
compared to the MXene/Si device, while the photocurrent was
nearly twice that of the latter under identical conditions. Fig.
3c shows the photocurrent density of the MXene/Gr/Si device
as a function of irradiation dose-rate under 10 keV and 20 keV
X-ray exposure. The MXene/Gr/Si device exhibits a strong
linear response, with the photocurrent density following the
power law J,;, o< aP?, where the fitted 8 values are 0.98 (10
keV), 1.01 (20 keV), and 0.999 (30 keV, in the inset). The
MXene/Gr/Si device achieved a high sensitivity of 2.5 x 10°
uC Gyair ' em 2 under 10 keV X-ray irradiation, while that of
the MXene/Gr/Si was 1.2 x 10% uC Gyair ! em 2. In Fig. 3d,
the MXene/Gr/Si device demonstrated a quite low noise
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Fig.3 (a) The schematic diagram of the system for X-ray response test of the detectors. (b) The I-V curves of the MXene/Gr/Si and MXene/Si devices
under dark condition and X-ray irradiation (photon energy: 20 keV). (c) Photocurrent density of the two kinds of devices as a function of dose rate under
different X-ray photon energies at —1 V. The dash lines indicated the fitted linear curves. (d) Comparison of noise spectral density (NSD) between two
kinds of devices under dark conditions at different bias voltages. (¢) Measurement of X-ray response speed in MXene/Gr/Si detector (with signal frequency
modulated by an optical chopper). (f) Dependence of the signal-to-noise ratio (SNR) on X-ray dose rate in the MXene/Gr/Si detector.

spectral density (NSD, S;) three orders of magnitude lower
than that of the MXene/Si device under both -1 V and -10 V,
achieving a minimum value of 1.6 x 102 A2-Hz! (f=1 Hz)
at -1 V. To evaluate the X-ray response speed, the
MXene/Gr/Si device was tested using an optical chopper to
modulate X-ray signals, with an oscilloscope (MSO8104,
RIGOL) for signal acquisition. As shown in Fig. 3e, the device
exhibited rise and fall times of 38 ps and 39 ps under 5 kHz
(maximum operating frequency of the chopper), respectively.
However, the measured response time was constrained by the
frequency limitation of the chopper and optical path delay in
the measurement setup, while the intrinsic response time of
the device is estimated to reach the tens of nanoseconds range
[5]. The detection limit (LoD) serves as a key performance
indicator for evaluating X-ray detectors in medical imaging
applications. As illustrated in Fig. 3f, the MXene/Gr/Si
detector achieved an LoD of 1.27 nGy,;r s ! at a signal-to-noise
ratio (SNR) of 3, representing only 1/4330 of the dose required
for conventional medical diagnostic procedures (5.5 UGYair
s!). This indicates the potential of vdW interfacial
engineering with graphene to improve the sensitivity of X-ray
detection in MXenes/ Si Schottky detector. Unlike other
insulating interfacial layers used to passivate the MXene/Si
interface and that increase the Schottky barrier height, a
graphene interfacial layer provides a decoupled interface,
preserving the original Schottky barrier height. This
suppresses dark current while enhancing photo-thermionic
emission of hot carriers generated during X-ray detection in
MXenes.

B. Demonstration of X-ray Single-Pixel Imaging

Fig. 4a shows the X-ray single-pixel imaging system. An
X-ray beam passes through an "X"-shaped sample and is then
modulated by a 28x28-pixel stainless steel mask (252

patterns) positioned by a stepper motor. The modulated X-ray
intensity is measured by the MXene/Gr/Si detector, and the
final image is reconstructed using the iterative shrinkage-
thresholding algorithm (ISTA). Shown in Fig. 4b, the image
reconstruction process started with an N-pixel target image
x € R being modulated by Hadamard basis patterns @ €
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Fig.4 (a) The schematic diagram of the X-ray single-pixel imaging
system. (b) The flow diagram of X-ray SPI. (c) The photo of the “X”
letter sample and corresponding reconstructed image.
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TABLE I. COMPARISON KEY PERFORMANCE METRICS IN
X-RAY DETECTORS
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Solvmg this underdetermined system requires addressing the
inverse problem y = @x through regularized optimization.
The ISTA was employed to address the optimization

formulation: min g(x) + Ah(x) where g(x) = %lld)x —yll%,
X
with h(x) defined as the total variation of image x. This

algorithm computed the equation: x*) = prox, (x(k_l) -

pd)T((;Dx(k_l) — y)),k €{12,..,
prox,,(r) = arg min% llx —7l3 + Ah(x) and the
X

n} at k™" iteration where
final

reconstructed image corresponds to £ = x(™. Fig. 4c shows
the photo of the stainless steel “X” sample and the
reconstructed image, demonstrating the high imaging
resolution capability of this system. Table I compared the key
performance metrics of the state-of-the-art X-ray detectors
based on different photosensitive materials [1-4]. Our work
outperforms in sensitivity, limit of detection, and response
speed while maintaining compatibility with standard silicon
processing, offering scalable integration potential for future
X-ray detection and imaging technologies.

IV. CONCLUSION

This work demonstrates a highly sensitive TizCoTx
MXene/Si X-ray detector enabled by graphene interfacial
engineering, achieving enhanced performance in X-ray
detection. By integrating monolayer graphene at the interface
of Ti3C,Tx MXene/Si heterojunction, the device exhibits a
dark current reduction of two orders of magnitude and a
photocurrent enhancement of 100% compared to MXene/Si
counterparts, while maintaining exceptional linearity (f ~ 1)
across 10-30 keV X-ray energies. The optimized
heterostructure delivers a record sensitivity of 2.5 x 10 uC
Gyair'' cm2, coupled with ultra-low noise spectral density (1.6
x 102 A2-Hz'") and a sub-nGy detection limit (1.27 nGyar
s '), surpassing clinical requirements by 3 orders of

magnitude. Further, the demonstrated single-pixel X-ray
imaging system, leveraging Hadamard modulation and ISTA
reconstruction, validates the capability of the MXene/Gr/Si
device for high-resolution radiography with rapid response
speed. This interfacial engineering strategy improves the X-
ray detection sensitivity while demonstrating a scalable
framework for advanced imaging systems. Combining the
excellent photo-response properties of 2D materials with the
mature fabrication processes of silicon, this work opens
avenues for next-generation low-dose, high-speed medical
and industrial imaging technologies.
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