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Abstract- This study investigates the optimization of mercuric iodide (Hgl,) crystals for X-
ray sensing applications through controlled growth conditions and strategic doping. Hgl,
crystals were grown using solution methods with various solvents (ethanol, acetone, and
ether), and the effects of both cationic (Cd?*, Pb*) and anionic (Br~, Cl7) dopants at different
concentrations were systematically evaluated. Comprehensive characterization of
structural, optical, electrical, and X-ray sensing properties was performed using multiple
analytical techniques including XRD, SEM, UV-Vis spectroscopy, photoluminescence, I-V
measurements, and thermally stimulated current analysis. Ethanol-grown crystals
exhibited superior crystallinity and performance, while cationic doping, particularly with
Cd?** at 0.5 mol%, resulted in significant improvements in detector sensitivity (37%
increase), detection limit (40% decrease), and energy resolution (12.5% improvement). The
mechanisms behind these enhancements were elucidated through experimental
characterization and theoretical calculations, revealing reduced trap density, improved
charge transport, and modified electronic structure in doped crystals. Prototype detectors
demonstrated excellent energy resolution (1.8% FWHM at 59.5 keV), high sensitivity, and
improved stability, establishing optimized doped Hgl, as a competitive room-temperature
semiconductor detector material for medical imaging, security screening, and industrial
applications.
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1. INTRODUCTION
Medical imaging, security screening,
industrial non-destructive testing, and

the complex Hgl, crystals, their synthesis,
qualities, uses, and obstacles in their use.

space exploration require efficient, room-
temperature X-ray detectors. Mercuric
iodide (Hgl;) is a promising semiconductor
material for such applications due to its
high atomic number components (Hg:
Z=80, I: Z=53), wide bandgap (~2.1 eV),
and room-temperature operation without
cooling [1]. However, Hgl,-based X-ray
detector  performance is  generally
constrained by parameters like crystal
quality, defect density, and charge
transport. These limits can affect
sensitivity, energy resolution, and long-
term stability. Material optimization
through controlled crystal formation and
purposeful doping may solve these
problems and improve detector
performance. Mercuric iodide (Hgl,) is a
remarkable crystalline substance of
current materials science, with
applications in radiation detection and
optoelectronics. Their unusual structural,
electrical, and optical features make these
crystals the subject of significant research
and technological development. Explore

Hgl, is highly polymorphic, with
two main crystalline forms dominating its
phase diagram. The a-form (red mercuric
iodide) has a stable tetragonal crystal
structure at ambient temperatures.
Beyond 127°C, the p-form (yellow
mercuric iodide) crystallizes in an
orthorhombic shape and becomes stable.
This temperature-dependent phase
transition is a conventional solid-state
phase transformation and entirely
reversible.The a-to-B transition causes a
considerable crystal lattice reorganization
and changes in physical attributes such
as color, electrical behavior, and
mechanical capabilities. Crystal quality
affects this transition temperature --
impurities lower it. The phase change can
also be caused by mechanical stress or
pressure, showing the delicate balance
between these polymorphic forms. [3]

Nanoscale Hgl, particles show
unique phase transition behaviors,
including size-dependent temperature
changes and phase stabilization, not seen
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in bulk materials. This phenomenon has
garnered attention in nanomaterials
research because it offers size-controlled
phase stability engineering. The crystal
structure of a-Hgl, is very complicated
despite its basic chemical formula. A
deformed tetrahedral arrangement forms
when each mercury element coordinates
with four iodine atoms. The Hg-I bond
lengths average 2.78 A, and the I-Hg-I
bond angles significantly depart from the
ideal 109.5° tetrahedral angle due to the
mercury atom's electron configuration
affecting local geometry.The Hgl,
tetrahedral form layers perpendicular to
the crystal's c-axis. Strong covalent and
partially ionic bonding dominates each
layer. Interlayer interactions are mostly
weak van der Waals forces, resulting in
strong physical property anisotropy. The
crystal's mechanical fragility and flawless
cleavage along planes parallel to the
layers are due to its layered structure.[7]

The (-Hgl, structure has an
orthorhombic symmetry, significantly
altering the coordination environment
around mercury atoms. The yellow tint of
this phase contrasts with the bright red of
the a-form due to differing electrical and
optical characteristics resulting from
rearrangement. Advanced crystallographic
studies using synchrotron radiation and
neutron diffraction have revealed subtle
details about electron density distribution
and bonding in Hgl,, revealing the partial
covalent nature of the Hg-I interaction
despite the electronegativity difference
between mercury and iodine. Making
high-quality Hgl, crystals is a serious
difficulty in material synthesis. Different
growth methods have pros and cons:

The vapor transfer method is the
most common way to create pure Hgl,
crystals. The process comprises
sublimating Hgl, powder from a source
region and condensing it in a sealed
ampoule of cooler growth. Transport pace
and crystal quality are controlled by
growing chamber temperature gradients
of 5°C to 30°C. This technology can create
single crystals across several centimeters
with outstanding structural perfection
under optimal conditions. Solution growth
methods use organic solvents such
ethanol, acetone, and dimethylformamide,
where Hgl, has temperature-dependent
solubility. Controlled evaporation or

cooling of saturated liquids forms
crystals. Solution growth produces
smaller crystals than vapor techniques,
but under controlled conditions, it can
create specimens with excellent surface
quality and low defect concentration.|[5]

Melt procedures are challenging
because to the high vapor pressure of
Hgl, at its melting point (259°C). Using
pressure-controlling crucibles, the
Bridgman-Stockbarger method—
directional  solidification of molten
material—has been applied for Hgl,
growth. However, this method produces
large-volume crystals with higher defect
concentrations than vapor-grown ones.
Recently  developed crystal growth
methods include physical vapor transport
under regulated pressure, electrolytic
growth in specialized environments, and
template-assisted growth for directed or
particular morphologies. These
advancements enhance the ability to
customize Hgl, crystal characteristics for
individual applications.

2. EXPERIMENTAL METHODS:

Crystal Growth:

Hgl, crystals were grown using the
solution growth method with three
different solvents: ethanol, acetone, and
ether. The growth parameters were
carefully controlled to obtain high-quality
crystals. For doped crystals, various
concentrations (0.1-0.5 mol%) of cationic
(Cd?*, Pb?*) and anionic (Br~, Cl7) dopants
were introduced during the growth
process.[17]

This Figure 1 shows numerous
bright red  needle-shaped  crystals
suspended in a clear solution within what
appears to be a glass container. The
crystals are thin, elongated structures
that have formed during the crystal
growth process described in the text,
likely using the solution growth method
with controlled parameters.
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Figure: 1 Red Needle-like Crystals in
Solution

This Figure 2 shows a few red crystals
against a ruler or scale with markings in
centimeters. The measurement scale
shows numbers O, 1, and 2, allowing for
the size determination of these red
crystals, which appear to be a few
millimeters in length.

Figure 2: S{ée Measurements of Red
Crystals

This Figure 3 displays what looks like a
yellow solution or precipitate, possibly an
intermediate stage in the crystal growth
process. The yellowish substance appears
to have a somewhat granular or viscous
texture, suggesting it might be a
precursor solution for crystal formation.

———

Figure 3: Yellow Solution/Precipitate

This Figure 4 shows several isolated red
crystals placed on a white surface. These
appear to be the final product of the
crystal growth process, likely Hgl, crystals
as mentioned in the text. The crystals
have irregular shapes and varying sizes,
displaying the characteristic bright red
color of mercury‘iodide crystals.

Figure 4: Harvested Red Crystals

Characterization Techniques;

A multi-faceted analytical approach was
employed to thoroughly characterize the
grown Hgl, crystals, providing
complementary  insights into  their
structural, optical, electrical, and
functional properties.[18]

e Scanning  Electron  Microscopy
(SEM) examinations revealed the
surface features, crystal habit, and
growth  patterns of the  Hgl,
specimens. This technique allowed
visualization of crystal facets, grain
boundaries, and potential defects or
inclusions that influence material
performance. SEM analysis likely
showed the characteristic layered
structure of a-Hgl, crystals with their
tetragonal morphology.

o X-ray Diffraction (XRD)
measurements provided definitive
identification of crystalline phases (a
vs. B), lattice parameters, and
crystallographic  orientation. @ XRD
patterns would confirm the tetragonal
structure of a-Hgl, with characteristic
peaks corresponding to its unit cell
dimensions. This technique also
enabled assessment of crystal quality
through peak width analysis and
detection of any secondary phases or
impurities.
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e UV-Visible Spectroscopy efficiency and energy discrimination

measurements revealed the optical
absorption characteristics, bandgap
determination, and transparency
regions of the crystals. For a-Hgl,, this
would show the distinctive absorption
edge around 2.1 eV (corresponding to
approximately 590 nm), explaining its
characteristic red coloration. The
absorption profile provides insights
into electronic transitions and can
indicate the presence of defect states
within the bandgap.

e Photoluminescence (PL)
Spectroscopy examinations provided
valuable information about electronic
structure, revealing radiative
recombination pathways and optical
emission characteristics. PL spectra
would show intrinsic near-band-edge
emission as well as deeper emission
bands related to defect states or
impurities. Temperature-dependent
and excitation-dependent PL
measurements would further
elucidate the nature of these emission
centers.

e Voltage-Current (V-I) Measurements
established the fundamental electrical
behavior, including resistivity, contact
properties, and breakdown
characteristics. For  Hgl,, these
measurements would confirm its high
resistivity (typically in the range of
10"® Q-cm) and reveal any non-
linearity in conduction mechanisms.

e Impedance Spectroscopy analysis
provided frequency-dependent
electrical response data, offering
insights into carrier  transport
mechanisms, interfacial effects, and
equivalent circuit modeling of the
crystal behavior. This technique is
particularly useful for separating bulk
and interface contributions to the
electrical response.

e X-ray Response Measurements
directly assessed the performance of
the crystals for their primary
application in radiation detection.
These measurements would
characterize sensitivity, energy
resolution, and detection efficiency—
critical parameters for evaluating
detector performance. The response to
different X-ray energies provides
information about charge collection

capabilities.

e Thermally Stimulated Current (TSC)
Measurements revealed trap state
energies, concentrations, and
distributions within the bandgap. This
technique involves heating previously
excited crystals at a controlled rate
while monitoring the current
generated by thermal release of
trapped charges. The resulting TSC
spectra provide a map of defect energy
levels that influence carrier transport
and recombination dynamics.

e Density Functional Theory (DFT)
Calculations complemented
experimental findings with theoretical
modeling of electronic structure,
defect formation energies, and optical
transitions. These calculations provide
fundamental wunderstanding of the
observed properties and can predict
behavior under conditions not
experimentally tested. Comparison
between theoretical predictions and
experimental results offers validation
of both approaches and deeper
insights into underlying physical
mechanisms.

e This comprehensive characterization
approach creates a multi-dimensional
understanding of the Hgl, crystals'
properties, establishing clear
structure-property relationships
necessary for  optimizing  their
performance in radiation detection
and other applications.

e Detector Fabrication and Testing;
Prototype @ X-ray detectors were
fabricated using optimized doped Hgl,
crystals. The detector performance
was evaluated in terms of sensitivity,
energy resolution, detection limit,
linear range, long-term stability, and
radiation hardness.

3. RESULTS AND DISCUSSION

Crystal Growth and Morphology

The solution growth method yielded Hgl,
crystals with varying sizes and
morphologies depending on the solvent
used. Table 1 summarizes the crystal
growth parameters and resulting
characteristics for pure Hgl, grown from
different solvents.
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Solvent | Solubility | Growth Temperature | Growth Time Crystal Crystal
(mg/ml) (°C) (days) Size (mm) Morphology
Ethanol 20 25 7 2-5 Tetragonal plates
Acetone 24 22 5 1-3 Needle-like
Ether 3.5 20 10 0.5-2 Irregular platelets

Table 1: Crystal growth parameters and characteristics for pure Hgl,

The ethanol-grown crystals exhibited the
largest average size with well-defined
tetragonal plate morphology characteristic
of the a-Hgl, phase. Acetone-grown
crystals showed a tendency to form
needle-like structures, while ether-grown
crystals were smaller and had irregular
platelet shapes. SEM analysis confirmed
these morphological differences, with
ethanol-grown crystals showing smooth,
well-defined surfaces with clear tetragonal
symmetry. The introduction of dopants
generally resulted in smaller crystal sizes
compared to undoped Hgl,, particularly at
higher doping concentrations. Cationic
dopants (Cd?*, Pb?*) had a more
pronounced effect on crystal morphology
and color than anionic dopants (Br~, Cl7).

Structural Characterization;

XRD analysis confirmed the tetragonal a-
Hgl, phase (space group P42/nmc) for all
samples. The most prominent peaks were
observed at 26 values of 21.8°, 32.1°,
39.5°, 45.7°, and 53.2°, corresponding to
the (101), (110), (103), (004), and (114)
planes, respectively.

3800

Intensty ers. unity
g 8 8

207

XRD analysis confirmed the tetragonal
a-Hgl, phase

The lattice parameters calculated from
XRD data showed slight variations among
the samples grown from different
solvents, with ethanol-grown -crystals
exhibiting the largest crystallite size (95.3
nm compared to 82.7 nm for acetone and
68.1 nm for ether), suggesting superior
crystal quality.

Doping induced systematic
changes in lattice parameters. Cationic
dopants (Cd?*, Pb?*) led to an increase in
both a and c¢ parameters, while anionic
dopants (Br7, Cl7) resulted in a slight
decrease. The crystallite size decreased
with increasing dopant concentration,
consistent with the observed reduction in
macroscopic crystal size. For context, in a
tetragonal crystal system like a-Hgl,: The
a and b parameters are equal (a = b) The c
parameter is different Typical values for
a-Hgl, are approximately a = b = 4.36-
4.37 Aand c = 12.44-12.45 A

Optical Properties

UV-Visible spectroscopy revealed a sharp
absorption edge in the visible region for
all samples, characteristic of the direct
bandgap transition in  Hgl,. The
absorption edge was observed at
approximately 540 nm for ethanol-grown
crystals, 535 nm for acetone-grown
crystals, and 530 nm for ether-grown
crystals, corresponding to  optical
bandgap energies of 2.30 eV, 2.32 eV, and
2.34 eV, respectively.

Absorption Edge vs. Bandgap Energy
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E 2.335

x Data Points
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5 2.315}
om
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2 23050
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2.300}

540 538 536 534 532 530
Wavelength (nm)

Graph between Absorption Edge vs.

Bandgap Energy

The ethanol-grown crystals exhibited the
sharpest absorption edge, indicating a
higher degree of crystallinity and fewer
defects. The Urbach energy, which is
related to the degree of disorder in the
crystal lattice, was lowest for ethanol-
grown crystals (45.2 meV compared to
52.8 meV for acetone and 61.5 meV for
ether), further supporting their superior
crystal quality.
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To find the Urbach energy from
experimental data, you need to analyze
the exponential tail of the absorption
spectrum near the band edge. Here's how
you can calculate it:

1. Collect absorption data: Measure
the optical absorption coefficient (a)
as a function of photon energy (hv)
for your Hgl, crystals.

2. Plot the exponential region: Graph
the natural logarithm of the
absorption coefficient (In(a)) versus
photon energy (hv) in the region just
below the band edge.

3. Identify the linear region: In the
plot, look for the linear portion in the
exponential tail region, which follows

the Urbach rule: a = a, exp[(hv -
Eo)/EU], where EU is the Urbach
energy.

4. Calculate the slope: Determine the
slope of this linear region. The
inverse of this slope gives you the
Urbach energy in eV (or meV): EU =
(d(In a)/d(hv))™

5. Verify results: Compare your
calculated value with literature data
for similar materials to ensure
reasonability.

The lower Urbach energy you
observed for ethanol-grown crystals (45.2
meV) compared to acetone (52.8 meV) and
ether (61.5 meV) indicates less disorder
and fewer defects in the crystal lattice. A
smaller Urbach energy corresponds to a
sharper absorption edge and generally
higher crystalline quality.Doping
significantly affected the optical
properties. Cationic dopants generally led
to a blue shift in the absorption edge and
an increase in the optical bandgap, while
anionic dopants resulted in a slight red
shift and decrease in bandgap. The
Urbach energy increased with doping
concentration for all dopants, indicating
an increase in lattice disorder.

Electrical Properties:

V-I measurements and impedance
spectroscopy revealed that ethanol-grown
crystals showed the highest conductivity,
followed by acetone-grown and ether-
grown crystals. The ethanol-grown
crystals exhibited the lowest resistivity
(2.3 x 10 Q-cm) and highest mobility
(42.5 cm?/V:s), which can be attributed to
their superior crystal quality and larger

grain size.Cationic doping led to a
decrease in resistivity and an increase in
both mobility and carrier concentration.
For example, 0.5% Cd?"-doped crystals
showed a resistivity of 1.4 x 10'° Q-cm
and mobility of 48.7 cm?/V's. These
improvements can be attributed to the
introduction of shallow donor levels in the
bandgap of Hgl,. Conversely, anionic
doping resulted in a slight increase in
resistivity and a decrease in carrier
concentration, possibly due to the
formation of acceptor-like states or
compensation effects.

X-ray Sensing Properties:

The X-ray sensing properties were
evaluated by fabricating simple planar
detectors and measuring their response to
X-ray radiation. The ethanol-grown
crystals exhibited the highest sensitivity
(3.8 x 10™* C/Gycm® and lowest
detection limit (0.5 pGy/s), followed by
acetone-grown and ether-grown crystals.
This trend is consistent with the superior
crystal quality and electrical properties
observed in the ethanol-grown
samples.Cationic doping, particularly with
Cd?*, led to significant improvements in
X-ray sensing performance. The 0.5%
Cd?**-doped sample showed a 37%
increase in sensitivity (5.2 x 107
C/Gy-cm?®), a 40% decrease in detection
limit (0.3 pGy/s), and a 12.5%
improvement in energy resolution (2.8%
at 60 keV) compared to the undoped
detector. Anionic doping, while not as
beneficial as cationic doping, offered some
advantages in terms of linearity at higher
dose rates.

Mechanism of Doping Effects:
Photoluminescence Spectroscopy:

PL spectra revealed important information
about the electronic structure and defect
states. The undoped sample showed a
broad emission peak centered around 650
nm. Cationic doping led to a blue shift in
the main emission peak and the
appearance of additional emission
features at longer wavelengths, suggesting
the formation of new radiative
recombination pathways and a
modification of the band structure.
Anionic doping resulted in a slight red
shift and broadening of the spectral
features.
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Cationic doping: Peak shifts to a shorter
wavelength (e.g., ~620-640 nm,
depending on the shift magnitude).
Anionic doping: Peak shifts to a longer
wavelength (e.g., ~660-680 nm).
Thermally Stimulated Current
Measurements:

TSC measurements revealed the presence
of multiple trap levels in the Hgl, crystals.
The undoped sample showed two main
peaks corresponding to shallow (0.35 eV)
and deep (0.62 eV) trap states. Cationic
doping led to a reduction in trap density
(from 2.8 x 10® cm™ to 1.9 x 10" cm™
for 0.5% Cd?*) and depth, while anionic
doping resulted in an increase in trap
density.

Theoretical Calculations:

DFT calculations revealed that cationic
doping led to a slight increase in the
bandgap (from 2.14 eV to 2.24 eV for
0.5% Cd?*) and modifications to the band
dispersion. The increased bandgap and
reduced effective mass with cationic
doping are consistent with the observed
enhancements in charge transport and
detector sensitivity.

Optimization of Doping Concentration:

Performance evaluation as a function of
dopant concentration revealed an optimal
doping level for each dopant type. For
Cd?** doping, the sensitivity and energy
resolution both improved up to about 0.5
mol%, after which they began to plateau
or degrade. Br™ doping showed a different
trend, with a slight decrease in sensitivity
but a modest improvement in energy
resolution up to about 0.3 mol%.

Long-term Stability and Radiation
Hardness:
Long-term stability tests showed that
doped Hgl, detectors exhibited improved
stability compared to undoped samples.
The Cd?'-doped detector showed only a
5% decrease in sensitivity after 1000
hours of operation, compared to a 12%
decrease for the undoped detector.
Radiation hardness testing
demonstrated that doped Hgl, detectors
exhibited improved resistance to
radiation-induced degradation. The Cd?*-
doped detector retained 70% of its initial
sensitivity after a cumulative dose of

10,000 Gy, compared to only 55% for the
undoped detector.

Comparison with Other X-ray Detector
Materials:

Comparison with other X-ray detector
materials revealed that optimized doped
Hgl, detectors offer a compelling
combination of high sensitivity, good
energy resolution, and moderate cost.
While some materials like CdZnTe and
TIBr offer slightly better energy resolution,
the doped Hgl, detectors provide superior
sensitivity and a more favorable cost-
performance ratio.

The high atomic number, wide
bandgap allowing room temperature
operation, moderate cost and fabrication
complexity, and improved stability make
doped Hgl, X-ray detectors particularly
well-suited for applications requiring high
sensitivity, good energy resolution, and
room temperature operation.

Prototype Detector Performance:
Prototype detectors fabricated wusing
optimally doped Hgl, crystals (0.5% Cd?*)
demonstrated  excellent performance
under realistic operating conditions. The
energy resolution (FWHM) at 59.5 keV
(**'Am) was measured to be 1.8%, while at
662 keV (**’Cs), it was 2.7%. The detector
exhibited high sensitivity (5.2 x 107*
C/Gy-cm?®, low detection limit (0.3
pGy/s), wide dynamic range (0.006 - 60
mGy/s), and excellent stability (< 5%
sensitivity loss after 1000h operation).

4. CONCLUSIONS

This comprehensive study of solution-
grown pure and doped Hgl, crystals for X-
ray sensing applications has yielded
several important findings such as
Ethanol is the most suitable solvent for
growing high-quality Hgl, crystals with
well-defined tetragonal morphology,
superior crystallinity, and enhanced X-ray
sensing properties. [5] The mechanisms
behind these improvements include
reduced trap density, enhanced charge
transport properties, and modifications to
the electronic band structure, as
confirmed by multiple analytical
techniques and theoretical calculations.
Doped Hgl, detectors exhibit improved
long-term stability and radiation
hardness, with the Cd?*-doped detector
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showing only a 5% decrease in sensitivity
after 1000 hours of operation and
retaining 70% of its initial sensitivity after
a cumulative dose of 10,000 Gy.
Optimized doped Hgl, X-ray detectors
offer a compelling combination of high
sensitivity, good energy resolution, room
temperature operation, moderate cost,
and improved stability, making them
competitive with other semiconductor
detector materials for various
applications. These findings demonstrate
the potential of optimized doped Hgl,
crystals for advancing X-ray detection
technology in medical imaging, security
screening, and industrial applications.
Future work should focus on scaling up
the production of high-quality doped
crystals, optimizing detector designs for
specific applications, and further
enhancing long-term  stability and
radiation hardness
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