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A B S T R A C T

This paper describes the synthesis, crystal growth, detector fabrication, radiation hardening studies, MCNP
modeling, and characterization of lithium indium diselenide or LiInSe2. This newly-developed room-
temperature thermal neutron detector has semiconducting and scintillating properties and it is suitable for
neutron detection application. LiInSe2 was synthesized starting from elemental Li, In, Se in two steps due to
high reactivity of Li. A single crystal of LiInSe2 was grown using the Vertical Bridgman method. The room
temperature band gap was found to be 2.8 eV using optical absorption measurements. Bulk resistivity was
measured at ∼5 × 1011 Ωcm. Photoconductivity measurements of LiInSe2 wafers identified a peak in the
photocurrent around 445 nm. Nuclear radiation detectors were fabricated from single crystal wafer and the
responses to alpha particles at various biases were measured. The mobility-lifetime product was estimated.
Gamma irradiation studies were performed with calculated absorbed doses ranging from 0.2126 to 21,262 Gy.
The characterization of the two wafers for their scintillator performance was conducted after each irradiation.
The gamma irradiation produced a reduction of the light yield that translated to a lower channel number for
the centroid of alpha detection spectra. It also showed a considerable reduction of the decay time after the
first irradiation. These are the first studies on gamma radiation hardening with this material.
1. Introduction

The main material used on instruments for neutron detection
as helium-3 (3He). The 3He isotope has an extremely low natural

abundance and it is obtained as a decay product of tritium. The drastic
reduction of 3He isotope production [1,2] due to non-proliferation
treaties has created a high demand for alternative materials. Since
neutrons only interact with the nucleus, materials containing elements
with high cross-sections can be used in neutron detection devices.
Lithium-6 (6Li, cross-section of 938 barns) [3] is one of the isotopes
that meets this description. The reaction of 6Li with a neutron is:
6𝐿𝑖 + 𝑛→3𝐻 + 𝛼 + 𝛾

This makes the Li-containing semiconductors promising candidates
for neutron detection. The ternary I–III–VI group of chalcogenides
(compounds containing sulfur, selenium, or tellurium) have attracted
interest because they are chemically- and physically-stable and their
band gap is suitable for room-temperature radiation detection.

Kamijoh and Kuriyama [4] grew LiInSe2 crystals using directional
solidification. They obtained high resistivity values near 2 × 1011 Ωcm
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with a band gap of 1.88 eV at room temperature with their material.
A bandgap of 2.8 to 2.86 eV was determined by Kargar et al. (2020)
with 38 devices of fabricated LiInSe2 material that was obtained from
vertical Bridgman growth. They also calculated a resistivity values that
ranged from 1 × 1010 to 6 × 1012 Ωcm and concluded that there was
ohmic behavior [5]. Isaenko et al. [6] reported growth of chalcogenides
crystals (including LiInSe2) using the vertical Bridgman technique.
They studied the effects of Li concentration and annealing on the op-
tical properties of these crystals [7,8]. They also used a vapor of Li2Se
could be used to anneal secondary phases that formed during synthesis
but this results in changes in color and in the spectra at the visible/near-
IR edge energy range [6]. Belushkin et al. (2020) examined neutron
detection of material grown with the vertical Bridgman–Stockbarger
method using a californium-252 (252Cf) source [9]. Radiation damage
can have an adverse effect on material characteristics by potentially
reducing light yield in scintillators whereas in semi-conductors, radia-
tion damage can cause increases in leakage current as well as losses in
energy resolution as summarized by Knoll (2010) [10]. In this work
we present the synthesis, growth, fabrication, radiation hardening,
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Monte Carlo N-Particle (MCNP) radiation transport code analysis and
characterization of LiInSe2.

2. Experimentals

2.1. Synthesis of LiInSe𝟐

Synthesis of LiInSe2 starts with elemental Li, indium (In) and se-
lenium (Se). The purity of In and Se was 5N, and the Li purity was
3N. Due to the high reactivity of Li, the synthesis was conducted
in two steps: forming LiIn alloy and reacting LiIn alloy with Se by
vapor transport. These two steps were conducted using a pyrolithic
boron nitrate (pBN) crucible. Use of pBN instead of quartz helps to
avoid the reaction of Li with quartz. A small excess amount above
the stoichiometric masses (3 to 4% Li and 0.5% Se) was added during
the synthesis because Li and Se are more volatile than In. Crystals of
LiInSe2 were grown from a stoichiometric composition have a high
concentration of Li-vacancies due to the high volatility of Li. The
elemental Li leaving the melt is highly reactive and it will cause a
degradation of the fused silica ampule. Tupitsyn et al. (2012) found
that crystals grown from excess Li will grow close to the stoichiometric
composition and be nearly independent on the amount of Li excess
[11]. Furthermore, the addition of Se was found to lower the negative
effects caused by Li reaction to the fused silica ampule. This addition
did not affect the stoichiometry of LiInSe2.

The LiIn alloy was formed by slowly heating the elemental Li and
In beads after they were placed in a pBN crucible. The pBN crucible
was then put inside a quartz ampoule and sealed in an argon (Ar)
atmosphere. The LiIn alloy was melted inside the pBN crucible and
allowed to react with Se vapor. After extraction from the pBN crucible
under an Ar atmosphere in a Mbraun GloveBox, the synthesized ma-
terial was crushed and placed in a new pBN crucible for growth. The
synthesized material was crushed and placed in a tipped shaped pBN
crucible inside a quartz ampoule that was sealed in Ar atmosphere.
Growth was conducted in a two-zone furnace with a hot zone at 940 ◦C
and cold zone at 780 ◦C. The ampoule was translated from hot to
cold zone at the rate of 7 mm day−1. After the entire material was
crystallized, the cold zone was slowly cooled to room temperature. A
wafer was harvested from the ingot and polished to 1.5 mm thickness.
The wafer was polished and then etched in a 3% Br-methanol solution
for 1 min. Gold (Au) contacts of 3.14 mm in diameter were deposited
by RF sputtering after polishing.

2.2. Characterization of grown material without radiation hardening

A Cary 4000 UV–VIS spectrometer was used to obtain an absorption
spectrum in the range of 400 to 800 nm. An optical Microscope Nikon
Eclipse LV100 (20X magnification) was utilized to image the wafer by
focusing the microscope at every 33 μm along the thickness of the wafer.
Current–voltage (I–V) characteristics were obtained with a Keithley 237
source meter. A variable bias (0 to 100 V) was applied on the Au
contacts of the wafer and the current was recorded in 20 steps. An Oriel
Cornerstone 130 monochromator was used to illuminate the cathode
of the wafer over a wavelength range of 200 to 1000 nm. The wafer
was biased with a constant voltage of 1000 V and the current was
measured for each 5 nm step of wavelength. Radiation detection tests
were conducted by exposing the biased wafer to alpha particles coming
from an 241Am source.

2.3. Radiation hardening studies

Two additional wafers of LiInSe2 were harvested for irradiation
studies. Two parallel faces were polished using polishing pads of 600 to
1200 grits and a polishing paste of 3 and 0.5 μm. The two wafers were
irradiated upon delivery at the gamma irradiation facility. The wafers
were kept in their plastic containment for their protection during han-

dling and irradiation. The wafers were positioned with their thinnest

2

Fig. 1. The LiInSe2 synthesis process and images of the reagent material.

Fig. 2. (A) Synthesized LiInSe2 that was crushed before loading in a new pBN crucible
for growth and (B) an ingot of LiInSe2 that was extracted from the pBN crucible.

portion perpendicular to the gamma X-ray beam. They were irradiated
at the 735-2B Gamma Beam Irradiation (GBI) Facility (Savannah River
Site, Aiken, SC). A gamma exposure delivered a radiation absorbed
dose of 0.21 Gy to one crystal and 2.1 Gy to the second crystal with
a 6500 Ci (nominal) 60Co source. After each irradiation, the crystals
were characterized (described in the following section). After that
examination, the crystals were returned to the irradiation facility where
a radiation absorbed dose of 21.05 Gy was delivered to the first crystal
(that received 0.21 Gy previously) and a second crystal (that received
2.1 Gy previously) received 210.5 Gy. Exposures that exceeded an 8-
hour workday were conducted over several working days when needed.
One of the crystals became damaged after the first irradiation; its size
was reduced.

Emission spectra for each treated sample was obtained using an X-
ray Excited Optical Luminescence (XEOL) system. Each wafer sample
was exposed a 241Am alpha source and the light produced by the
scintillation of LiInSe2 was converted into an electrical signal by the
Hamamatsu Photo Multiplier Tube (PMT). The same setup decay time
(determined by averaging 100 waveforms acquired as crystals were
exposed to the same source 241Am) was obtained using a Picoscope
3200 oscilloscope.

2.4. Monte Carlo N-Particle (MCNP) radiation transport code studies

A MCNP 6.1 simulation was developed using a three-dimensional
model of the GBI Facility to determine dose rate to a LiInSe2 wafer
rom the 6500 Ci (nominal) 60Co gamma source. The floor, ceiling,
alls, source cask, lead linings, steel linings, source, beam tube, work
ench were included within the geometric model. The sample to source
istance was defined as 61.9 cm. Geometric objects on the boundary
f the problem (i.e., walls, ceiling, and floor, outer steel and lead)
ere considered low impedance regions and photon interaction in
hese areas were considered to be outside the scope of the simulation.
he source was last calibrated on November 10, 2010. It was decay-
orrected based on a calibration activity of 4.172897 × 1014 photons
s−1 [12].

Material specifications for the borosilicate glass (source container),
SS-304, concrete, SS-298, and air were taken from PNNL-15870 [13].
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Fig. 3. A wafer of LiInSe2 (A) after polishing and (B) after Au contacts were deposited
y RF sputtering.

he LiInSe2 material was modeled according to the mass fractions of its
onstituent elements. Its density was defined per crystal grower spec-
fications at 4.26 g cm−3. The simulation was run using an *F8 tally.
n F6 tally for dose is typically the standard use case in MCNP, but the
odel makes certain assumptions: (1) charged particle equilibrium, (2)
egligible radiative losses, and (3) that secondary electrons have a short
ange. For small cells, condition 3 is often an issue. The small volume
f the LiInSe2 wafer cell, 0.0133 cm 3, necessitated the use of an alter-
native tally method. The *F8 tally is the most accurate tally for dose,
but it does require substantial run time for convergence (6+ hours) and
required uniform sampling of the target cell. Development of the code
also utilized MCNP user guides and manuals that were produced by Los
Alamos National Laboratory and Kansas State University [14,15].

3. Results and discussion

3.1. Growth, characterization and fabrication of grown material

The synthesis materials and pBN crucible are shown in Fig. 1.
Fig. 2A shows the crushed synthesis material before it was loaded in
the crucible prior to the growth. Fig. 2B presents an image of the
ingot of LiInSe2 after extraction from the pBN crucible. A small amount
of bubbling was observed in the final boule (upper right portion of
Fig. 2B). This is most likely due to the vapor transport of Se on the
molten alloy of Li and In during the synthesis. Kargar et al. (2020)
identified more intense bubbling in their material which was grown
using Vertical Bridgman growth in a two-zone Mellon furnace [5]. They
concluded that their formation occurred upon the melting of Li and In
in the boule. Fig. 3 shows a wafer of LiInSe2 after polishing (Fig. 3A)
and after (Fig. 3B) Au contacts were deposited by RF sputtering.
3

Tauc plots were used to determine a band gap of 2.8 eV based on
UV–VIS absorption spectrum for the wafers. Fig. 4A presents a UV–VIS
absorption spectrum. Fig. 4B presents the pulse height analysis spectra
that was taken at three voltages. Radiation detection tests that relied on
alpha particles coming from the source was used to simulate the alpha
that is produced by the reaction of neutrons. This interaction with Li
demonstrates an ability of the fabricated material to detect neutrons.
The tests were conducted at various biases applied to the wafer which
created an electric field between 3333 V cm−1 and 6000 V cm−1.

Large secondary phases were visible in the optical image in Fig. 5A.
here are many secondary phases with different sizes, but they are
ot visible because they are out of focus. Sequential individual images
hat were obtained in focus were combined as a minimum intensity
rojection. This approach avoids duplicate counting of large secondary
hases. Fig. 5A presents a minimum intensity projection of images
or every 33 μm portion of the wafer. The software associated with
he microscope measures the area of each precipitate and then using
spherical approximation, the equivalent diameter and equivalent
olume are calculated. The densities of secondary phases of various
izes are calculated and the volume fractions of size classes of secondary
hases are determined in ppm. Secondary phases that were less than
μm were not counted due to limit of the camera resolution. Fig. 5B
resents the density distribution of secondary phases. Fig. 6A presents
he I–V characteristics of the wafer and the photocurrent vs. wavelength
haracteristics are shown in Fig. 6B. The most optimal FWHM obtained
or alpha detection was around 38%. The mobility-lifetime product (𝜇𝜏)
as estimated using the centroid channel number vs. voltage applied.
he 𝜇𝜏 value was around 2.5*10−5 cm 2V−1.

.2. Characterization of two irradiated sample materials and testing as a
cintillator

An image of the two wafers that were used in the irradiation study
s shown in Fig. 7. The doses to the wafers are listed in Table 1. The
ffect of irradiation on the optical absorbance was fairly insignificant
Fig. 8). The band gap energy did not change with irradiation based on
he Tauc plots (Fig. 9) but there was a small increase in band gap for
he first sample after first irradiation. Fig. 10 presents the spectra of
mission for each LiInSe2 samples. The peak of emission and FWHM
ere determined from the spectra. Repetitive measurements on the
arious samples of LiInSe2 exposed to the same current and voltage of
he X-ray tube revealed no decrease in the luminescence. The voltage
nd the current were chosen to optimize the measurement time which
as limited by the optical spectrometer software. The emission peak
avelength varied by less than 1% of the expected value of 515 nm.
he counts of emission spectra decreased as the two wafers received
Fig. 4. (A) The UV–VIS absorption spectrum of LiInSe2 and (B) its detector response of 241Am alpha particle for three biases.
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Fig. 5. (A) An optical image of the secondary phases of LiInSe2 - minimum intensity projection of images taken every 33 μm along the thickness of the wafer and (B) a plot of
the density of secondary phases per equivalent diameter of LiInSe2 wafer.
Fig. 6. (A) Current voltage characteristic of LiInSe2 and (B) the photocurrent vs. wavelength characteristics with measured photocurrent peak at 455 nm for the range of 200 to
000 nm.
t

ncreasing doses during irradiation. This suggests that a reduction of
ight yield occurs during the alpha radiation detection as shown in
ig. 11. Fig. 11 presents alpha detection response as a scintillator for
ach sample before and after each consecutive irradiation. Fig. 11
resents the acquired data before and after each irradiation and the
ecay time was estimated using the exponential decay fit. Radiation
xposure caused the centroid of the alpha energy peak to shift to a
ower energy relative to the initial untreated wafer material. The alpha
ecay time decreased after first irradiation and the trend in response
as maintained as the irradiation steps progressed (Fig. 12). The alpha
esponse time for the original untreated material decreased to 79% (for
afer 1) and 78% (for wafer 2) by the last radiation treatment. There
as little relative decrease in decay time between the samples from the
ast two irradiations.

.3. MCNP calculations for the two irradiated sample materials

The result of the *F8 tally in MCNP is designated in MeV. This
bsorbed dose result is normalized by the number of photons produced
y the source. In our MCNP simulation there are only several billion
hotons produced by the source for which interactions are tracked. The
nergy absorption rate can be calculated as 0.014064 Gy s−1 using the
ecay corrected calibration data for the 60Co source [# of photons pro-
uced second (s)−1], and the mass of the sample (0.0566 g). This was
ased on the initial result of the MCNP calculation, 4.563 × 10−8 MeV,
 c

4

Fig. 7. Two samples of polished LiInSe2 with two parallel faces.

Table 1
List of absorbed gamma radiation doses to the crystals.
Wafer number Cumulative calculated gamma dose

Treatment 1 Treatment 2 Treatment 3

1 0.21 Gy 21.26 Gy 2,126.26 Gy
2 2.10 Gy 212.60 Gy 21,262.60 Gy

and a decay-corrected activity of 1.09 × 1014 photons s−1. To achieve
he proposed doses in Table 1, anticipated times for exposure were
omputed and are noted in Table 2. The statistical checks performed
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Fig. 8. Optical absorption spectra of the two LiInSe2 samples before and after (aft) each irradiation (irr).
Fig. 9. Tauc plots of absorbance spectra of the two LiInSe2 samples before and after each irradiation.
Table 2
Anticipated time for exposure to achieve proposed doses.
Proposed dose (Gy) Anticipated time for exposure

0.21262 15.11838969 s 0.251973 min 0.0042 h
2.12626 151.1838969 s 2.519732 min 0.041996 h
21.2626 1511.838969 s 25.19732 min 0.419955 h
212.626 15118.38969 s 251.9732 min 4.199553 h
2126.26 151183.8969 s 2519.732 min 41.99553 h
21262.6 1511838.969 s 25197.32 min 419.9553 h
5

by the MCNP code noted a relative error [1/sqrt(nps)] of less than 0.10,
a variance of the variance of less than 0.02, and that all tallies passed
statistical checks. These checks were to ensure that enough particles
had been tracked through the sample cell (and undergone associated
collisions) and thus maintain a high confidence in the statistics of the
problem.

4. Conclusion

The LiInSe2 semiconductor material that was synthesized had a
band gap of 2.8 eV and a bulk resistivity around 5 × 1011 Ωcm.
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Fig. 10. LiInSe2 emission spectra of the two samples measured before and after each irradiation.
Fig. 11. Alpha radiation detection spectra of the two samples measured before and after each irradiation. Radiation exposure caused the centroid of the alpha energy peak to
shift to a lower energy relative to the initial untreated wafer material.
Fig. 12. Alpha radiation decay time measured of the two samples before and after each irradiation.
These properties make it appropriate for room-temperature radiation
detection applications. The photocurrent of LiInSe2 is well pronounced
at 445 nm, which indicates there is a reasonable generation rate and
mobility of the charge carriers. The detection response tests proved
that LiInSe2 semiconductor could detect alpha particles produced by
the reaction of Li with neutrons. The mobility-lifetime product that was
determined is highly appropriate for the intended detector applications.
The characterization of the two wafers after each irradiation proved
that the gamma irradiation produced a reduction of the light yield,
which may preclude the use of this material in high radiation back-
grounds. This reduction in light translated to a lower channel number
6

for the centroid of alpha detection spectra. It also demonstrated a
reduction of the decay time after the first irradiation, which continued
as the irradiation steps progressed. These are the first studies on gamma
radiation hardening with this material to our knowledge.

Additional studies are needed to better explain the decrease in
scintillation detector performance after gamma irradiation. Follow-on
studies that explore the use of annealing to remove radiation dam-
age could prove useful. Studies could also be conducted that focus
on changing the stoichiometry of the starting materials. This could
reduce the formation of secondary phases and help improve material
performance.
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Appendix A. Supplementary data

Supplementary Material includes a copy of the MCNP code that
was used to model the absorbed gamma dose to the crystal. The
code was implemented to determine the time required to obtain each
planned dose for a LiInSe2 sample. The calculated absorbed doses are
specified in Table 1.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.nima.2021.165898.
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