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LiZnAs is being explored as a candidate for solid-state neutron detectors. The
compact form, solid-state device would have greater efficiency than present
day gas-filled *He and '°BF; detectors. Devices fabricated from LiZnAs having
either natural Li (nominally 7.5% ©Li) or enriched ®Li (usually 95% °Li) as
constituent atoms may provide a material for compact high efficiency neutron
detectors. The ®Li(n,t)*He reaction yields a total @-value of 4.78 MeV, an en-
ergy larger than that of the '°B reaction, which can easily be identified above
background radiations. LiZnAs material was synthesized by greparing
equimolar portions of Li, Zn, and As sealed under vacuum (107° Torr) in
quartz ampoules lined with boron nitride and subsequently reacted in a
compounding furnace (Montag et al. in J Cryst Growth 412:103, 2015). The
raw synthesized LiZnAs was purified by a static vacuum sublimation in quartz
(Montag et al. in J Cryst Growth 438:99, 2016). Bulk crystalline LiZnAs ingots
were grown from the purified material with a high-temperature Bridgman-
style growth process described here. One of the largest LiZnAs ingots
harvested was 9.6 mm in diameter and 4.2 mm in length. Samples were
harvested from the ingot and were characterized for crystallinity using a
Bruker AXS Inc. D8 AXS Inc. D2 CRYSO, energy dispersive x-ray diffrac-
tometer, and a Bruker AXS Inc. D8 DISCOVER, high-resolution x-ray
diffractometer equipped with molybdenum radiation, Gobel mirror, four
bounce germanium monochromator and a scintillation detector. The primary
beam divergence was determined to be 0.004°, using a single crystal Si stan-
dard. The x-ray based characterization revealed that the samples nucleated in
the (110) direction and a high-resolution open detector rocking curve recorded
on the (220) LiZnAs yielded a full width at half maximum (FWHM) of 0.235°.
Sectional pole figures using off-axis reflections of the (211) LiZnAs confirmed
in-plane ordering, and also indicated the presence of multiple domains. The
LiZnAs bulk crystals exhibited a Primitive Cubic Bravais lattice instead of the
commonly reported Face-centered Cubic Bravais lattice. The lattice constant
was determined to be 5.5146 £+ 0.0003 A.
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INTRODUCTION

Nowotny—Juza materials were studied as early as
the 1960s. The ternary compounds were originally
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studied, and are still used today for photonic
applications.>® The filled tetrahedral compound
class A'B"'CY materials consist of the ITI-V-like
compounds with the group I element, lithium,
located at the interstitial site. Unlike thin-film and
doped devices, the concentration of Li atoms is equal
to other constituent atoms. These materials are also
inherently desirable for their zincblende cubic crys-
tal structure, which is typically arranged with a
F-43m space group. The group II atom is located at
71 = (0, 0, 0)a where a is the lattice constant, and
the group V atom is located at 15 = (1/4, 1/4, 1/4)a.
Lithium atoms, group I, fill the interstitial site at
13 = (1/2, 1/2, 1/2)a, resulting in a lithium-loaded
semiconducting material. In the following study,
however, bulk grown LiZnAs samples were deter-
mined to possess a Primitive Cubic Bravais lattice
with a basis of several atoms.

Ternary compounds, LiZnAs and LiZnP, have been
synthesized in the past, commonly in a graphite lined
crucible within a quartz ampoule.® LiZnP has been
synthesized in a tantalum lined crucible contained in
vacuum sealed quartz ampoules as described by
Kuriyama’ However, bulk growth of these materials
has not been reported. In the existing literature,
material and electrical properties have been reported
from samples procured by direct reaction of elemen-
tal and/or binary materials.®>~’ Unfortunately, these
samples are generally tiny facets extracted from the
reaction mixture, and are usually small and extre-
mely difficult to handle and process into devices.

Numerous materials containing ®Li, B, '3Cd,
157Gd and '"’Hg have been considered for solid-state
neutron detectors.®*'? B has a microscopic ther-
mal neutron absorption cross-section of 3839 barns.
However, boron-based compounds, such as BP, BN,
and BAs have shown limited success, and work is
still being performed to resolve crystal growth and
materials preparation problems.’*'®  Thin-film
boron devices have been explored and have
appeared promising; however, they suffer in perfor-
mance due to their geometry, where only one
reaction product can be absorbed in a semiconduct-
ing material, therefore producing some signals that
can be difficult to distinguish from background and
gamma-ray induced events.?® Additionally, the
reactive film thickness is limited because of the
reaction product self-absorption, and, therefore,
thermal neutron absorption is limited, consequently
resulting in a maximum intrinsic detection effi-
ciency of approximately 4.5%.2° Solid-state materi-
als containing '3Cd and '®°Hg devices have also
been explored, and have limited detection efficiency
due to the low absorption probability of the prompt
gamma-rays that result from the '3Cd(n,y)'*Cd
and 1%9Hg(n,y)?°Hg reactions.® 11 The
157Gd(n,y)'*®Gd reaction is interesting for the large
157Gd thermal neutron capture cross-section of
240,000 barns, however unfortunately, the
157Gd(n,7)'°8Gd reaction yields a spectrum of low
energy prompt gamma rays and, low energy

conversion electrons, all of which are difficult to
discern from background radiations.?’ Finally, °Li
has not been explored as extensively as other
thermal neutron absorbers, and has an intrinsic
thermal neutron absorption cross-section of 940
barns. The reaction produces a total @-value of
4.78 MeV, described by the following reaction,

SLi+ in — 3H (2.73 MeV) + 2(2.05 MeV). (1)

LiZnAs has been reported to have a bandgap of
1.51 eV at 300 K, an energy gap ideal for a room-
temperature semiconductor device.?! A Hall mobil-
ity was reported by Kuriyama at <30 cm?/V s.?? As a
result, some of these reported electrical properties
make LiZnAs and other lithium ternary compound
materials desirable for compact, high neutron sen-
sitivity, solid-state detectors. However, lithium is
very reactive, and the high pressures that are
developed due to the exothermic reactions that
occur during the reaction process often results in
containment failure. It was determined that prepar-
ing the alloy, Li-Zn, prior to reaction aided the
reaction process, and resulted in a much higher
ampoule yield.! The difficulties in the synthesis and
handling processes limit the available physical and
electrical property data®*%?1"26 and needs to be
further explored. The following study is a contribu-
tion to the existing material property data; a
procedure to grow bulk crystalline LiZnAs material,
and a study of the crystallinity.

EXPERIMENTAL PROCEDURES

Described in the following work is a contribution
to the existing body of knowledge for bulk LiZnAs
materials where a method to grow bulk crystalline
LiZnAs material is demonstrated. In addition,
methods to characterize the crystalline orientation,
degree of crystallinity, and crystalline ordering in
these challenging air sensitive materials are demon-
strated in detail.

Bulk Crystal Growth

LiZnAs was synthesized, as described elsewhere,
in small batches up to 6.0 g.! The synthesized
material was purified by a static sublimation pro-
cess, which successfully separated the ternary
LiZnAs material from elemental and binary resid-
ual materials that often resulted from the synthesis
process.? The purified LiZnAs material was subse-
quently grown into bulk crystals under a high-
temperature vertical Bridgman technique described
in the following.

Crystal growth in conventional quartz ampoules
failed due to the high temperatures necessary to melt
LiZnAs. As a result, LiZnAs ingots were grown from
melt while contained in welded tantalum ampoules
using a low voltage/high current power source
(Fig. 1). The process for ampoule and crystal growth
preparation is described in detail elsewhere.?’ The
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current was ramped on the low voltage/high current
power source from 0 amps to approximately 290-305
amps over the course of at least an hour, until an
optical thermometer measured approximately
1240°C at the tantalum surface. This unique crystal
growth design makes the sample containment, or
ampoule (tantalum) the heating element. The tech-
nique allows for a high-temperature crystal growth
from melt, and does not suffer from the containment
problems associated with quartz. Temperature was
maintained for at least an hour to ensure a congruent
melt. The system was then ramped down to room
temperature over a period of 40 hours. In this
technique, the heat generated is at the center of the
ampoule; therefore, the growth crucible was designed
as such to orient the material in a position to begin
growth from the bottom of the molten material pool.
Thereby, as the vessel is reduced in current (heat),
crystal growth was promoted from nucleation at the
bottom of molten material and propagated to the top
as the vessel is slowly cooled to room temperature, a
variation of the Bridgman Technique. The vessel was
extracted from the chamber, and opened with a pipe
cutter under a pure argon environment. The ingot
was harvested, and individual samples were cut from
the ingot using a Laser Technology West Ltd. CS400
diamond wire saw for further processing.

X-ray Diffraction Measurements

A LiZnAs sample was diced to 4.155 x 4.060 x
2.100 mm?, and XRD analysis was performed on one
side of the 4.155 x 4.060 mm face. The sample was
mounted onto a polishing fixture and was polished
in a procedure described elsewhere.?” An example of
a polished sample of purified LiZnAs is shown in
Fig. 2. The polished sample was mounted under
argon between two Mylar sheets using a custom
sample holder designed to keep the sample air-tight.

®o_—~

b

Fig. 1. Cross-section of the tantalum ampoule as loaded into the
copper harness for crystal growth. (a) Oxygen-free copper, (b)
electrodes, (c) tantalum tube, (d) LiZnAs material, (e) pyrolytic gra-
phite crucible.

Following which, the sample was characterized on a
D2 CRYSO energy-dispersive x-ray diffractometer
(EDXRD), in order to determine the out-of-plane
orientation, degree of miscut and d spacing. The
sample was then mounted into an air-tight poly
(methyl methacrylate) (PMMA) plastic sample
holder with a plastic dome using double sided tape,
under argon. The sample was then characterized for
out-of-plane orientation, mosaic spread and in-plane
ordering using a high-resolution D8 DISCOVER
x-ray diffractometer.

RESULTS AND CONCLUSIONS
Bulk Crystal Growth

Ingots of various sizes were harvested, the largest
being 13.0 mm in length and 9.6 mm in diameter.
An ingot grown from purified material was 9.6 mm
in diameter and 4.2 mm in length. A sample cut
from the purified ingot is shown in Fig. 2. A
differential thermal analysis exothermic peak at
around 850°C was reported by Kuriyama, and was
concluded to be likely a melting, or decomposition,
point of LiZnAs.?* In this study, numerous attempts
to grow LiZnAs by melt technique using crucible
lined quartz ampoules always resulted in non-
congruent melting up to temperatures <1150°C,
and; therefore, the observation from Kuriyama was
not confirmed, nor observed. Temperatures above
1150°C resulted in the expansion of the soft quartz
due to the high vapor pressure in the ampoule, and
often resulted in ampoule rupture. Bulk crystal
growth of LiZnAs requires temperatures slightly
above the threshold of conventional resistive coil
furnaces that typically have a 1200°C upper limit
under continuous operation. Optical thermometer
readings sampled through a quartz window of the
crystal growth chamber, typically indicated between
1230°C and 1250°C (depending on the focus of the
optical thermometer), which allowed for the con-
gruent melt of LiZnAs.

X-ray Diffraction

The polished LiZnAs sample was sandwiched
between biaxially-oriented polyethylene terephtha-
late (BoPET) sheets (Mylar), for protection against
moisture and air. The 4.155 x 4.060 mm sample
face was evaluated for crystal structure and orien-
tation with a Bruker D2 CRYSO energy-dispersive
x-ray diffractometer (EDXRD). The EDXRD method
utilizes a rhodium x-ray source that produces a
polychromatic x-ray beam, a monocapillary optic to
collimate the x-ray beam to a spot and an energy
dispersive silicon drift detector. Energy plots of the
diffracted beam are collected as the sample is
rotated about the crystal surface normal (¢). Peaks
in the diffracted energy plots correspond to Laue
reflections from the crystal. The out-of-plane d
spacing, degree of miscut and main orientation can
be determined from these plots.?® In the case of the
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Fig. 2. Both sides of a LiZnAs sample, the sample used for x-ray diffraction analysis. Dimensions: 2.100 x 4.060 x 4.155 mm?.

LiZnAs sample, Laue peaks are observed for energy
values ranging from 2.6 keV to 3.7 keV, 5.3 keV to
7.6 keV, and 8.1 keV to 10.3 keV, as shown in Fig. 3.
The mere observation of these peaks is evidence of
crystalline ordering in the material being analyzed.
The collected spectrum was analyzed using the D2
CRYSO Measure analysis software and a main
orientation of (110) was obtained. In addition, an
approximate d spacing and lattice constant of the
LiZnAs crystal were determined at 1.9 A and 5.5 A,
respectively The lattice constant observed, in this
case, is different from that of the synthesmed mate-
rial, which had a lattice constant of 5.939 £ 0.002 Al
Out of-plane high-resolution XRD measurements
were first collected from the 4.155 x 4.060 mm
LiZnAs sample face, the same face analyzed by
EDXRD. A phase identification scan was collected
as shown in Fig. 4. The indexing procedure using
the software package, TOPAS (Bruker AXS Inc.),
was used to identify the space group.? Four peaks
were identified each corresponding to the (110),
(220), (330) and (440) LiZnAs with a Primitive Cubic
Bravais lattice. The Bravais lattice differs from
What was seen from synthesized and purified pow-
ders™? and what was reported by Bacewicz et al.®
where a F-43m space group was characterized for
LiZnAs powders. Refinement of the phase identifi-
cation pattern, Fig. 4, using TOPAS yielded a lattice
constant of 5.5146 4 0.0003 A, which was consis-
tent with what was determined from the EDXRD
measurement. The Whole Powder Pattern decom-
position a yoproach was used in the refinement
procedure.”” Theoretical phase identification pat-
terns of LiZnAs with a lattice constant of 5.5146 A
for the two different space groups were determined
using PowderCell 2.4, and are shown in Figs. 5 and
6 with molybdenum optics of a 0.71 A wavelength.?!
Next, the crystalline perfection of the sample was
examined by carrying out open detector rocking
curves. The 20 drive was positioned on the (220)
reflection (20.931°), and a rocking curve was

Pulses
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2 {110} N,
2 |
3]
oc 200
O' Hihatoa, Fteld —r ey
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Fig. 3. The EDXRD spectrum for the LiZnAs sample. {110}, {220},
and {330} Laue peaks and characteristic x-ray peaks from arsenic
are observed. Peaks in the diffracted energy plots correspond to
Laue reflections in the crystal. Each peak within a collection (i.e.,
{110}, {220} and {330}) corresponds to a single orientation within the
family of crystalline planes.

collected, as shown in Fig. 7. The full width at half
maximum (FWHM) was determined at 0.235°. In
addition, it can be observed that the peak profile is
not Gaussian and could indicate the presence of
secondary or additional domains in the sample.
The in-plane ordering of the sample was exam-
ined by carrying out off-axis phi scans on the (211)
LiZnAs reflection. This was performed by tilting the
sample in the s direction, in angles desirable for in-
plane orientations as listed in Table I. Five promi-
nent reflections were observed at 32.6°, 153.0°,
213.2°, 332.8°, and 336.6°, as shown in Fig. 8. Using
vector projection math it is evident that the projec-
tion of the off-axis (211) LiZnAs on the (110) LiZnAs
is along the [112] LiZnAs direction. In other words,
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Fig. 5. Theoretical phase identification pattern of a polycrystalline LiZnAs with F-43m space group, using molybdenum Ka«1 radiation. Calcu-

lation is performed using PowderCell 2.4.%

if the sample were to be a perfect single crystal, four
reflections from the {211} LiZnAs family of planes
should be observed in the phi scan. In addition, the
angular relationship between the {211} LiZnAs
planes in the phi scan should match the angular
relationship exhibited between the (112) LiZnAs
directions projected on the (110) LiZnAs surface, as
shown in Fig. 9. However, five reflections were
observed in the off-axis (211) LiZnAs phi scan, as
shown in Fig. 8, and, in addition, some of the
regions of the phi scan exhibited an unusually low
background. This is a clear indication that off-axis
reflections are coming from multiple domains in the
sample. Additionally, some of the (211) LiZnAs

reflections are missing from the phi scan due to a
high degree of miscut in the polished sample.
Complete interpretation of the phi scan results
suggests that three major in-plane domains are
present in the sample. The in-plane crystallographic
relationships in the particular sample that were
characterized for one of the domains with respect to
the incident x-rays are shown in Fig. 10. An off-axis
rocking curve of the (211) orientation was also
collected, and resulted in a FWHM of 0.179° as
shown in Fig. 11. The rocking curve looks similar to
the out-of-plane rocking curve shown in Fig. 7,
which is further indication of multiple domains in
the sample.
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Fig. 6. Theoretical phase identification pattern of a polycrystalline LiZnAs with a primitive space group, using molybdenum Ko1 radiation.
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Fig. 7. (220) LiZnAs rocking curve. A full width at half maximum of 0.235° was determined.

DISCUSSION

It is clearly evident that the space group and
lattice constant of the bulk LiZnAs crystal is differ-
ent from the synthesized (5.939 £ 0.002 A) and
purified (5.901 + 0.002 A) LiZnAs powders."? The
high-temperature crystal growth method employed
for growing bulk crystalline ingots of this material
likely led to this change. The LiZnAs crystals grown
in this study exhibited a Primitive Cubic Bravais
lattice instead of the more commonly observed Face
Centered Cubic Bravais lattice. Therefore, these
LiZnAs crystals may be lithium deficient with
incomplete filling of lithium atoms at interstitial
sites. Lithium is very volatile, and the lithium atoms
that occupy the interstitial lattice sites, where they

Table I. The angle between the (220) and the
selected crystalline plane

(hkl) plane Angle (°)
(211) 30
(311) 31.48
(222) 35.26
(400) 45

may not be bound as tightly in the lattice, can be
removed from the interstitial site as a result
excessive heat treatment, thereby causing depletion
of lithium atoms.?? The lattice parameter change
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Fig. 9. A diagram of the angular relationship between the (112)
LiZnAs directions on (110) LiZnAs.

can be explained by considering semiconductor
doping, or adding an excess of a particular element
for compensation purposes for desired electrical
properties.?®?* The additives can alter the lattice
parameters, therefore changing the lattice constant
and d-spacing. In this study, the starting material
was purified by a static sublimation process; how-
ever, an excess of an impurity yet remaining in
material may be acting as a dopant, or a lack there
of, due to the loss of lithium in this case, therefore,
altering the lattice constant. Here, the lattice con-
stant reduction was likely caused by the reduction of
lithium atoms in the unit cell. For the desired
application of neutron detectors, it may be necessary
for device performance, or neutron sensitivity, that
the bulk crystallization process be modified, where

Fig. 10. The LiZnAs sample labeled with crystallographic relation-
ships for the surface normal, and the first [112] domain observed
from the off-axis phi scan.

an excess of lithium is added to purified powders,
where the lithium over-pressure may keep the
volatile lithium from escaping. Encapsulation using
a high-temperature material such as boron oxide
may also be required to keep the right lithium
balance for a lithium-rich F-43m LiZnAs unit cell.
The largest known crystalline ingots of LiZnAs
were grown for the first time by a modified Bridg-
man high-temperature growth method. Crystal
growth was carried out successfully using a cru-
cible-lined tantalum vessel. The melting tempera-
ture observed was determined to be between 1230°C
and 1250°C experimentally. A processed sample
exhibited a (220) main orientation as characterized
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Fig. 11. An off-axis rocking curve of the (211) LiZnAs.

by EDXRD and high-resolution XRD. A reasonable
degree of crystallinity and ordering was demon-
strated from the out-of-plane and in-plane measure-
ments. From the off-axis phi scans it was clear that
three major domains were present in the character-
ized sample. Future work will include electrical
characterization (resistivity, mobility-lifetime, trap-
ping time), and neutron sensitivity measurements
using these newly synthesized materials
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