
Design, Fabrication, and Performance Analysis of TiO2 Detector
Prototype for X‑ray Detection Application
Rupa Jeena, Parushottam Majhi,* Saikat Mitra, Pankaj Chetry, Kantimay Das Gupta, and Pradeep Sarin

Cite This: ACS Appl. Electron. Mater. 2025, 7, 5322−5330 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This study demonstrates the potential of TiO2, a wide bandgap semiconductor, for the detection of X-rays with an
energy of ∼8 keV based on its photocurrent response. A TiO2 film ∼ 330 nm thick was synthesized using the thermal oxidation
technique. Titanium/gold (Ti/Au) metallic contact pads were deposited on its top surface in a metal-semiconductor-metal (MSM)
configuration. The active channel length between the pads is 120 μm. Comprehensive material characterization of the TiO2 was
conducted using X-ray diffraction (XRD) and laser Raman spectroscopy (LRS), confirming the presence of the purely rutile TiO2
phase in the fabricated film. Spectroscopy showed strong UV absorption in the 300 to 370 nm range, with an optical bandgap of
approximately 3.1 eV. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were utilized to analyze the
morphology of the film, indicating the formation of a compact and dense structure with a surface roughness of 36 nm. Dark IV
measurements showed that the device is highly resistive, with resistivity in the range of 1012 ·cm. X-ray detection performance of
the detector was evaluated under varying X-ray dose rates and bias voltages, demonstrating a linear correlation between
photocurrent, dose rate, and bias voltage. Repeatability was confirmed through ten cycles of response measurements at different dose
rates, ensuring consistent performance. The device exhibited reliable, efficient, and repeatable X-ray detection with an excellent
response and recovery characteristics. These findings highlight the promise of TiO2-based detectors for X-ray imaging, medical
diagnostics, environmental monitoring, and advanced X-ray sensing applications.
KEYWORDS: oxide electronics, photodetector, TiO2, wide bandgap semiconductors, X-ray detection

1. INTRODUCTION
The detection of X-ray radiation is essential across various
fields, including scientific research, material characterization,
medical imaging, security screening, industrial inspection,
astronomy, and space communication.1−6 X-ray detectors are
broadly categorized into indirect and direct detection
systems.7,8 Indirect detection utilizes scintillators that convert
X-rays into lower-energy photons, which are then detected by
photodetectors.9−11 While widely adopted, this approach has
limitations such as low energy resolution, slower response time,
limited sensitivity, and optical crosstalk.12,13 In contrast, direct
X-ray detection employs photoconductive materials that
directly convert X-ray photons into electrical signals. It
minimizes optical losses, improves image resolution, simplifies
the system, and enables real-time imaging. As a result,
significant research has been focused on developing direct

detection technologies that address the shortcomings of
indirect detection systems.14−18 Currently, solid-state direct
X-ray detectors primarily utilize semiconductor materials such
as silicon, germanium, amorphous selenium, and cadmium zinc
telluride (CZT) due to their impressive detector performance
response.19−23 However, these materials present certain
challenges. For instance, CZT detectors require high operating
voltage (>500V) and have limitations in pixel size. Amorphous
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selenium-based X-ray detectors exhibit low X-ray attenuation
for energies exceeding 50 keV, while silicon and germanium
are susceptible to radiation damage. To address these
limitations, wide-bandgap semiconductors have emerged as
promising candidates for next-generation X-ray detectors.
Their unique attributes, including a bandgap greater than 2.3
eV, high radiation tolerance, high breakdown voltage, good
absorption for X-ray, and cost-effectiveness, make them
promising candidates for X-ray detection applications.24 In
recent years, advanced X-ray detectors have been developed
using materials such as gallium oxide (Ga2O3), zinc oxide
(ZnO), lead oxide (PbO), mercury iodide (HgI2), diamond,
silicon carbide (SiC), lead iodide (PbI2), bismuth oxide
(Bi2O3), and indium−gallium−zinc oxide (IGZO).25−33

When an X-ray photon beam passes through a material, it
interacts with the material and undergoes attenuation due to
absorption or scattering, leading to a decrease in beam
intensity. The attenuation coefficient depends on the X-ray
energy (E) and the effective atomic number (Z) of the
material, following the relation Z4/E3. High-Z materials such as
HgI2, PbI2, PbO, BGO, and Bi2O3, which are commonly used
in X-ray detectors, have higher attenuation coefficients than
other materials.
However, the search for X-ray detector materials extends

beyond high-Z semiconductors, focusing on the development
of cost-effective and environmentally friendly alternatives that
offer long-term stability and compatibility with scalable
fabrication techniques. In this context, titanium dioxide TiO2
stands out as a promising but underexplored option. Although
it is widely used in photocatalysis34,35 and UV detection,36−38

its potential for X-ray detection has received little attention,
creating an opportunity for further research. TiO2 is a wide
bandgap semiconductor and exists in three crystalline phases:
rutile, anatase, and brookite, with rutile being the most
thermodynamically stable.39,40 Depending on its phase, TiO2
exhibits a bandgap ranging from 3.0 to 3.6 eV41−43 ensuring
high resistivity and minimal leakage current, which are
advantageous for photodetector applications. Furthermore, its
low dark current enhances the signal-to-noise ratio, making it
well-suited for ionizing radiation detection.44 Additionally,
TiO2 demonstrates remarkable stability in high-radiation
environments, reinforcing its potential in radiation detection
technologies. Moreover, unlike heavy metal-based semi-
conductors such as PbI2, HgI2, and CdTe, TiO2 is nontoxic,
biocompatible, and environmentally friendly, making it a safer
alternative for medical imaging, space applications, and
environmental monitoring.
In this work, we have prepared a TiO2 film using a simple

and cost-effective thermal oxidation technique. The material
preparation process is described, followed by an in-depth
analysis of material characterization using various analytical
techniques. The study also includes electrical characterization,
such as dark current-voltage (I-V) measurements and detector
response under X-ray exposure at different dose rates and
biasing conditions. Finally, the conclusion and future prospects
of this research are discussed.

2. EXPERIMENTAL SECTION
2.1. Film Preparation. The fabrication process begins with

precleaning the quartz substrate (dimensions: 1 cm × 1 cm × 0.1 cm)
using detergent, followed by ultrasonic cleaning in sequential steps
with acetone, isopropyl alcohol (IPA), and deionized (DI) water for 5
min each. After cleaning, the substrate is dried using a nitrogen flow

and heated at 125° C for 5 min to eliminate any residual
contaminants. Next, the substrate is placed in a thermal evaporator
(Smart Coat 3.0) for the deposition of Ti using high-purity Ti wire
(99.99%, Alfa Aesar) as the source material. The Ti deposition is
conducted under high vacuum conditions (<10−7 mbar), with the film
thickness continuously monitored using a quartz crystal monitor
(QCM). The entire procedure of Ti deposition is repeated to increase
the film thickness. Repetition of the process is necessary due to a
system limitation in depositing only about 100 nm of Ti in thermal
evaporation at one time. To convert the Ti film into TiO2, the
deposited film is then loaded into a tubular quartz furnace for
annealing in oxygen. The temperature is ramped up at a controlled
rate of 13° C/min to 800° C, where it is maintained for 10 h. During
the annealing process, a continuous oxygen flow of 50 SCCM is
supplied. The schematic illustration in Figure 1 depicts the complete

process, from film fabrication to the deposition of metallic contact
pads. The prepared film is characterized using various analytical
techniques, including X-ray diffraction (XRD), laser Raman spectros-
copy (LRS), scanning electron microscopy (SEM), atomic force
microscopy (AFM), and UV−visible spectroscopy. These techniques
are employed to study the structural, phase identification,
morphological, and optical properties of the films.
2.2. Film Characterizations. The structural properties and phase

identification of the film were analyzed by using X-ray diffraction
(XRD) and laser Raman spectroscopy (LRS). High-resolution XRD
data were obtained by using a PANalytical Empyrean XRD system
equipped with a Cu anode rod. The film was scanned over a 2θ range
of 10° to 90° using Cu−Kα radiation (λ = 1.54 Å) to determine its
crystal structure and phase composition. LRS was conducted by using
an HR800UV confocal micro-Raman spectrometer (Horiba Jobin
Yvon) with a 532 nm excitation wavelength. This technique
complemented the XRD analysis by providing insights into the
vibrational modes of the material and confirming the phase of the
film. The surface morphology of the film was examined using scanning
electron microscopy (SEM) with a Zeiss Ultra 55 setup. Additionally,
atomic force microscopy (AFM) analysis was performed using the
Asylum Research MFP-3D BIO system to evaluate the surface
roughness at the nanoscale. The optical properties of the film were
characterized by using a PerkinElmer Lambda 950 UV−visible
spectrometer. The UV−visible measurements provided crucial
information about the optical bandgap, transparency, and absorption
characteristics of the film.
2.3. Device Fabrication. To study the electrical characteristics,

Ti/Au contacts with thicknesses of 20 and 80 nm, respectively, are
deposited on the surface of the TiO2 film in a metal semiconductor-
metal (MSM) configuration, with an active channel of 120 μm length
between the electrodes. Ti serves as a buffer layer, providing a stable
interface by adhering well to the TiO2 film, while Au establishes
contact with Ti, ensuring efficient charge transport, electrical
conductivity, and long-term stability of the contact. The metallization
of Ti/Au contacts is carried out using a thermal evaporator under high
vacuum (<10−7 mbar), ensuring uniformity and precise deposition of
reliable metallic electrical contacts.45 The device is subsequently
tested for both DC and AC electrical measurements, enabling a
comprehensive analysis of its electrical properties.

3. RESULTS AND DISCUSSION
3.1. Structural, Morphological, and Optical Proper-

ties. Figure 2a presents the XRD data of the film, revealing

Figure 1. Schematic representation of the film fabrication process.
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well-defined diffraction peaks corresponding to the R (110), R
(101), R (111), R (211), R (220), R (002), R (301), and R
(112) planes. These peaks are identified by referencing JCPDS

file 021-1276 for the rutile phase of TiO2. The Rietveld
refinement of the XRD analysis provides strong confirmation
of the complete formation of the rutile phase, with no

Figure 2. (a) Rietveld refinement analysis of the TiO2 film is presented, with the inset displaying XRD data confirming the formation of the
polycrystalline rutile phase. (b) Laser Raman analysis of the film is performed to investigate its vibrational modes using a 532 nm excitation
wavelength.

Figure 3.Morphological and optical characterizations of the film. (a) The top-view SEM image of the film indicates the formation of a high-quality,
uniform, and compact film. (b) The cross-sectional image informs a film thickness of approximately 330 nm. (c) The 3D AFM image (scan range: 5
μm × 5 μm) demonstrates the presence of a compact film. (d) The absorption data of the film indicate the absorption region in the UV range,
while the inset shows the optical bandgap of the material calculated ∼ 3.1 eV.
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observable peaks associated with metallic Ti or other TiO2
polymorphs, such as anatase.46 The average grain size of the
film, estimated using the Scherrer formula,47 is found to be in
the range of 25−30 nm. Following the structural and
crystallinity analyses, the vibrational modes of the film were
investigated using Raman spectroscopy with an excitation
wavelength of 532 nm. The Raman spectrum, shown in Figure
2b, displays prominent peaks at approximately 145 cm−1, 236
cm−1, 445 cm−1, and 610 cm−1, corresponding to the
characteristic Raman active modes of rutile TiO2: B1g,
second-order effect, Eg, and A1g, respectively.

48

The top-view SEM image, shown in Figure 3a, reveals the
formation of a smooth, uniform, high-quality, and compact film
with no visible cracks. The film thickness is measured to be
approximately 330 nm, as observed in the cross-sectional SEM
image in Figure 3b. The layer-by-layer deposition of Ti,
followed by oxygen annealing, ensures a uniform structure
without the formation of cracks. While some regions exhibit
nucleation growth, the overall film remains continuous.
Further surface characterization is performed using atomic
force microscopy (AFM). The AFM scan of a 5 μm × 5 μm
region, shown in Figure 3c, provides additional insight into the
surface morphology. The film appears dense and uniform, with
an average surface roughness of approximately 36.34 nm. The
optical properties of the film are investigated by using UV−
visible spectroscopy. A detailed optical analysis, including
absorption spectra and optical bandgap estimation via Tauc
plotting, is conducted. The absorption spectra exhibit strong
absorption in the UV region (300−370 nm), as depicted in
Figure 3d. The Tauc plot analysis determines a direct optical
bandgap of approximately 3.1 eV, which is consistent with
previously reported values for TiO2 films synthesized through
various deposition techniques.42

3.2. Electrical Characterizations. 3.2.1. Dark IV Meas-
urement of the Sample. The IV measurement of the device is
performed under high vacuum conditions using a Keithley
6487 source meter. As shown in Figure 4, the IV characteristic
exhibits linear behavior, indicating good ohmic contact
formation. The measurement is performed by varying the
bias voltage from −20 to 20 V, resulting in a dark current of
∼80 pA at 20 V. Based on the dark I-V measurement results,
the resistance and resistivity are determined to be 0.25 × 1012

Ω and 1.57 × 1012 ·cm, respectively. The calculated resistivity
value is generally consistent with previously reported values for
TiO2 obtained through various fabrication approaches.49 Since
noise amplitude largely depends on the dark current, the high
resistivity helps minimize the dark current, effectively reducing
noise.50

3.2.2. X-ray Detection Mechanism in Semiconductors. X-
ray radiation interacts with semiconductor materials through
various mechanisms, including photoelectric effects, Compton
scattering, and pair production. The dominant process
responsible for electron−hole pair (EHP) generation depends
on the incident X-ray energy. For X-ray energies up to 500
keV, the photoelectric effect is the primary interaction
mechanism.51 In this process, an X-ray photon transfers its
energy to an atomic electron, ejecting it from its orbital and
creating a vacancy, resulting in atomic ionization. This vacancy
is subsequently filled by an electron transitioning from a higher
energy level, releasing energy in the form of either character-
istic X-ray photons or Auger electrons. If characteristic X-rays
are reabsorbed by nearby atoms, they can trigger additional
ionization, while Auger electrons due to their high energy
contribute to further electronic excitations. However, it is
important to distinguish between the classical photoelectric
effect, where an electron is ejected into a vacuum, and
photoexcitation, where electrons remain within the material. In
X-ray interactions with semiconductors, the generated
secondary electrons primarily move to the conduction band
rather than escape into a vacuum, making this process different
from the conventional photoelectric effect. Electron escape to a
vacuum occurs only within a very shallow region (10 nm).
Deeper electrons lose energy through inelastic scattering with
the lattice before reaching the surface, preventing their direct
escape. As a result, the low-energy secondary electrons move
toward the conduction band (CB), while holes migrate toward
the valence band (VB). Under an applied bias, these charge
carriers drift toward the electrodes, where they are collected to
generate an electrical signal. The number of EHPs generated is
directly proportional to the absorbed X-ray energy, influencing
the sensitivity and efficiency of the detector.24

3.2.3. Response of the Sample under X-ray Exposure. The
X-ray detection study is performed by placing the sample
inside a custom-designed chamber, where X-rays of energy (∼
8 keV) with varying dose rates are directed onto the active
region of the film. Details of the photocurrent measurement
procedure under X-ray irradiation are provided in Figure S1.
The study investigates the response of the detector under
different X-ray dose rates and bias voltages, providing a
comprehensive evaluation of its performance under various
operational conditions.
The response of the detector to X-ray exposure is measured

at two different dose rates (143 and 191 mGy/s) while
gradually increasing the bias voltage. Figure 5 presents the
photocurrent response for five min duration at these dose rates
under various bias conditions. The data indicate that the
current increases with both the applied voltage and the X-ray
dose rate. However, the photocurrent initially rises before
gradually decaying over time. This behavior is attributed to
charge carrier dynamics, including their generation, transport,
and recombination. Upon X-ray irradiation, a significant
number of electron−hole pairs and energetic secondary
electrons are generated. The initial drift of these carriers
toward the electrodes leads to a rise in photocurrent. However,
over time, polarization effects within the detector becomeFigure 4. Dark I-V characteristics of the device.
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more pronounced. Bale and Szeles52 proposed a dynamic
model describing how intense X-ray radiation induces
polarization in semiconductors. According to this model,
polarization arises due to charge carrier trapping at deep
impurity levels, leading to the formation of a high-charge-
density space-charge region. This modifies the internal electric
field profile. The induced polarization field opposes the
externally applied drift field, affecting charge carrier transport.
Additionally, the decay in the photocurrent is further
influenced by increased carrier recombination through shallow
or deep defect states within the material. Similar time-
dependent degradation of photoresponse has been observed
in other X-ray detector materials, including CZT, HgI2, and
thallium bromide (TlBr).53

Using experimental data, we have calculated key parameters
of the detector, including sensitivity, responsivity, mobility-
lifetime (μτ) product, and diffusion length at an X-ray dose
rate of 143 mGy/s and an operating voltage of 20 V. Sensitivity
measures the charge collected per unit area when the detector
is exposed to X-ray photons.24,54 It is given by

S
I I

D A
X ray dark=

· (1)

where IX‑ray is the photocurrent under X-ray exposure, Idark is
the dark current, D is the X-ray dose rate, and A is the exposed
area of the detector. The calculated sensitivity of the detector is
29.49 μC/mGy/cm2. The sensitivity values corresponding to
other X-ray dose rates are plotted and presented in Figure S2.
Another important parameter is the responsivity, which is

calculated using the following formula:54

R
I I

D
X ray dark=

(2)

The measured responsivity of the device is 1.16 × 10−5 μC/
mGy.
Moreover, we have calculated the mobility-lifetime product,

a key figure of merit for evaluating the performance of X-ray
detectors and comparing different semiconductor materi-
als.55,56 This parameter indicates how efficiently charge carriers
travel through the material under an applied electric field,
directly impacting the signal strength and response time. The
μτ product of the device is determined by fitting the data to

the Hecht equation57 which describes the charge carrier
collection efficiency at the electrodes under an applied bias.

I I
V e

d
(1 )d V

0

/

2

2

=
(3)

I defines the photocurrent, I0 denotes the saturated
photocurrent, V is the bias voltage, and d is the distance
between the electrodes or the channel length. By evaluating the
response of the detector at different bias voltages, as shown in
Figure 6, the average μτ product at a dose rate of 143 mGy/s is
calculated to be 2.77 × 10−6 cm2/V.

We have also determined the diffusion length of the charge
carriers, which represents the average distance the charge
carriers travel before recombination.58 The diffusion length is
given by the following equation.

L DD = (4)

where D is the diffusion coefficient and τ is the excited charge
carrier lifetime. The diffusion coefficient can be defined by the
Einstein relation.

Figure 5. Photoresponse of the detector under two different X-ray dose rates (a) 143 and (b) 191mGy/s with increasing biasing voltage.

Figure 6. Calculation of the mobility-lifetime product of the detector.
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In the above equation, μτ represents the mobility-lifetime
product, determined using the Hecht equation, kB is the
Boltzmann constant, T denotes the temperature, and q is the
charge of an electron. The calculated diffusion length is found
to be 2.68 μm. Although this value is smaller than the channel
length of the device, charge transport through the material is
not entirely governed by carrier diffusion. Instead, it is
significantly influenced by drift current, which depends on
the applied bias field and becomes the dominant transport
mechanism at high bias. Additionally, factors such as scattering,
carrier mobility, and trap states within the material further
impact the overall transport dynamics and are critical in
determining the electrical performance of the device.
The parameters that provide insights into the performance

of the detector have been systematically calculated and are
presented in Table 1.

Table 2 presents a comparison of sensitivity, responsivity,
and the mobility-lifetime product for X-ray detectors based on
different semiconductor materials. The data show that the
figure of merit of our detector is comparable to the well-
established detectors previously used for X-ray detection. This
demonstrates the promising performance of our device and
highlights its potential for practical use in X-ray sensing
applications.
We investigate the response of the detector at four different

dose rates: 95.5 mGy/s, 143 mGy/s, 191 mGy/s, and 239
mGy/s while maintaining a fixed bias voltage of 20 V to
evaluate signal repeatability, as shown in Figure 7a. The
detector undergoes multiple measurement cycles under X-ray
exposure, and the data show that the photocurrent remains
nearly unchanged and reproduces consistently over 10 cycles,
demonstrating the excellent repeatability of the X-ray detector.

Additionally, from the data, we analyze the response and
recovery behaviors of the detector, which characterize how
efficiently the detector responds to X-ray photons and how
quickly it returns to the baseline once the X-ray is off. A highly
efficient detector should exhibit an immediate increase in
photocurrent upon X-ray exposure and a rapid return to its
baseline current once the source is turned off. The rapid
response and recovery times of the detector demonstrate its
capability to function effectively in dynamic environments,
where radiation intensity fluctuates frequently. This makes it
highly suitable for real-time monitoring applications, where
quick adaptation to changing X-ray intensities is crucial for
accurate detection and imaging.
We have also plotted the X-ray photocurrent as a function of

dose rate to determine the exponent α. The photocurrent
follows a power-law relationship with the X-ray dose rate,
expressed as I P0 , where P0 represents the dose rate. The
exponent α is obtained from the slope of the linear fit in the
log−log plot of the current versus dose rate and is found to be
0.71, as shown in Figure 7b. Since α is less than 1, this
indicates a sublinear response of the detector, which arises due
to charge trapping effects influencing the overall photocurrent
behavior.50 This sublinear behavior is also reflected in the
photoresponse, where the current first increases and then
decays over time, as shown in Figure 5.

4. CONCLUSION
Our study provides a comprehensive evaluation of the
response of TiO2 under X-ray illumination, offering new
insights into its suitability as an X-ray detector. By systemati-
cally analyzing the response of the device under varying X-ray
power levels and fixed bias conditions, we established a clear
relationship between photocurrent and X-ray power. This
linear response highlights the potential of the device for
quantifying X-ray intensity, making it an ideal candidate for
applications requiring accuracy and scalability. Moreover, the
device demonstrates excellent repeatability, with photocurrent
values remaining consistent across multiple measurement
cycles. This robustness, combined with rapid response and
recovery times, ensures reliable performance in dynamic
radiation environments. Such attributes make TiO2 particularly
suitable for applications requiring consistent performance
under sustained radiation exposure, including medical imaging,
industrial radiography, and space instrumentation. Overall, this
work provides valuable insights into TiO2 as a highly promising
material for high-energy radiation detection. Its unique
combination of scalability, precision, stability, and fast response
establishes a solid foundation for future advancements in X-ray

Table 1. Summary of Calculated Parameters from X-ray
Response Data

Parameters Units Values

Dark resistivity ·cm 1.57 × 1012

Sensitivity μC/mGy/cm2 29.49
Responsivity μC/mGy 1.16 × 10−5

Mobility-lifetime product cm2/V 2.77 × 10−6

Diffusion length μm 2.68

Table 2. Comparison of Various Parameters for Different Materials

Material Sensitivity (μ C m Gy−1 cm−2) Responsivity (μ C m Gy−1) μτ (cm2 V−1) References

TiO2 29.49 1.16 × 10−5 (20 V) 2.77 × 10−6 This work
Ga2O3 138.80 (μ C m Gy−1 cm−3) 6.8 × 10−4 (200 V) - 54

Bi2O3 1 - 10−4 59

PbI2-TiO2 0.5 - 1.21 × 10−6 60

PbI2 0.08 - 0.19 × 10−6 60

PbO - - 4.4 × 10−7 24

α-Selenium 0.02 - 10−7 61

CZT 2.4 - 3.3 × 10−3 61

MAPbI3 (single crystal) 2.6 × 103 - 1.3 × 10−2 61
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detection technologies and related high-energy optoelectronic
applications.
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