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Nowotny-Juza compounds continue to be explored as a candidate for solid-state neutron detectors. Such
a device would have greater efficiency, in a compact form, than present day gas-filled *He and '°BF;
detectors. The SLi(n,t)*He reaction yields a total Q-value of 4.78 MeV, larger than '°B, an energy easily
identified above background radiations. Hence, devices fabricated from semiconducting compounds
containing either natural Li (nominally 7.5% °Li) or enriched °Li (usually 95% °Li) may provide a
semiconductor material for compact high efficiency neutron detectors. Starting material was synthesized
by preparing equimolar portions of Li, Zn, and P sealed under vacuum (10~ Torr) in quartz ampoules
lined with boron nitride and subsequently reacted in a compounding furnace [1]. The synthesized
material showed signs of high impurity levels from material and electrical property characterizations. A
static vacuum sublimation in quartz was performed to help purify the synthesized material [2]. Bulk
crystalline samples were grown from the purified material. An ingot 9.6 mm in diameter and 4.0 mm in
length was harvested. Individual samples were characterized for crystallinity on a Bruker AXS Inc. D2
CRYSO, energy dispersive x-ray diffractometer, and a Bruker AXS D8 DISCOVER, high-resolution x-ray
diffractometer with a 0.004° beam divergence. The (220) orientation was characterized as the main
orientation with the D2 CRYSO, and confirmed with the D8 DISCOVER. An out-of-plane high-resolution
rocking curve yielded a 0.417° full width at half maximum (FWHM) for the (220) LiZnP. In-plane ordering
was confirmed by observation of the (311) orientation, where a rocking curve was collected with a

FWHM of 0.294°.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowotny-Juza compounds were originally, and are still today,
studied for photonic applications [3-5]. The filled tetrahedral
compound class A'B"CY materials consist of the IlI-V-like com-
pounds with lithium interstitials. These materials are desirable for
their zincblende cubic crystal structure, and unlike thin-film and
doped devices, the concentration of Li atoms is equal to other
constituent atoms, as seen in Fig. 1. The zincblende crystal
structure is arranged where 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 7,=(1/4, 1/4, 1/4)a. The spacious cubic
structure allows for lithium atoms to fill the interstitial site at
T3=(1/2, 1/2, 1/2)a as shown in Fig. 1 [6,7]. The filling of these
interstitial sites allows for a lithium-loaded semiconducting mate-
rial. A variety of the ternary compounds have been synthesized in
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the past, commonly in graphite lined quartz ampoules [8]. Synth-
esis in a tantalum lined crucible has also been reported [6].
However, bulk growth of these materials has not been reported.
The existing material and electrical properties have been reported
from samples procured by direct reaction of elemental and/or
binary materials. These samples are generally tiny facets extracted
from the reaction mixture, and are usually small and extremely
difficult to handle and process into devices

Materials containing °Li, 1°B, '3Cd, '*’Gd and '®°Hg have been
considered for solid-state neutron detectors [9-20]. The °B(n,
a)’Li reaction is desirable for the '°B microscopic thermal neutron
absorption cross section of 3839 b, but boron-based compounds,
such as BP, BN, and BAs have shown limited success, and thus far
do not appear promising due to crystal growth and materials
preparation problems [17-20]. Thin-film boron devices suffer due
to their geometry, where only one reaction product can be
absorbed in semiconducting material, therefore producing some
signals that can be difficult to distinguish from background and
gamma-ray induced events [21]. In addition, because of the
reaction product self-absorption, the reactive film thickness is
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Fig. 1. The cubic crystal structure of A'B"CY compounds.

restricted, and therefore thermal neutron absorption is limited,
consequently resulting in a maximum intrinsic detection efficiency
of approximately 4.5% [21]. Solid-state detectors containing *Cd
and '*°Hg devices also have limited detection efficiency due to the
low absorption probability of the prompt gamma-rays that result
from 3Cd(n,y)'4Cd and '®°Hg(n,y)*°°Hg reactions [9-12]. The
reaction *’Gd(n,y)'>®Gd is desirable for the large *’Gd thermal
neutron capture cross section of 240,000 b. Unfortunately, the
157Gd(n,y)'>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 [21]. Finally, °Li has
not been explored to the same extent as other thermal neutron
absorbers, and has an intrinsic thermal neutron absorption cross
section of 940b. The reaction produces a total Q-value of
4.78 MeV, described by the following reaction,

SLi+4n—3H(2.73 MeV)+a(2.05 MeV). (M

LiZnP has been reported to have a bandgap of 2.1 eV, ideal for a
room-temperature semiconductor device [8]. A Hall mobility of
1-10 cm?/V s was reported by Kuriyama [6]. These known elec-
trical properties make LiZnP and other compounds in the class
desirable for compact, high neutron sensitivity, solid-state detec-
tors. Synthesis of Nowotny-Juza materials is not trivial. Lithium is
very reactive, and the high-pressures that are developed due to
the exothermic reactions that occur during the reaction process
often result in containment failure. It was found that making the
alloy, Li-Zn, prior to reaction aided the reaction process, and
resulted in a much higher ampoule yield [1].In addition, melting
temperatures of this class of materials have not been completely
characterized [6,8,22]. Reported melting temperatures were not
consistent with what was observed in the following study.
Unfortunately, the difficulties in the synthesis and handling
process limit the available physical and electrical property data
[3-8,22,23].

2. Experimental details

Described in the following work is a method developed for the
bulk crystal growth process of LiZnP, post processing methods, and
the high-resolution XRD characterization.

2.1. Bulk crystal growth

LiZnP was synthesized, as described elsewhere, in small
batches up to 2.0 g [1]. The synthesized material was purified by
a static sublimation process. The process appears to successfully
separate the ternary LiZnP material from elemental and binary
residual materials that often result from the synthesis process [2].
This purified LiZnP material was subsequently grown into bulk
crystals under a high-temperature vertical Bridgman technique.

A 0.5 in. diameter tantalum tube (0.02 in. wall thickness) was
cut into a 2.9375 in. long sample containment tube. Tantalum caps

were punched, and formed from 0.02 in. thick tantalum sheet. A
pyrolytic graphite crucible was custom designed to fit comfortably
in the tantalum tube (supplied by Mersen, Inc.). Each of the
components were cleaned of oils and contaminants by ultrasonic
vibration in a series of solvents namely, isopropanol, acetone and
trichloroethylene. The components were loaded into an argon
glove box, with minimal oxygen and moisture contamination of
less than 0.1%. The bottom cap was welded on the tantalum tube
by a Maxstar 150 STL arc welder. The welding torch/stick was fed
through the glove box, and the argon environment allowed for the
arc plasma to form, and therefore allowed for welding within the
box. Purified LiZnP material (1.19 g) was produced, as detailed
elsewhere [1,2] was loaded into the pyrolytic graphite crucible,
which was loaded into the tantalum vessel. A tantalum cap was
welded to the top of the vessel, thereby, making an air-tight
containment of LiZnP material and atmospheric pressure argon as
shown in Fig. 2.

A bulk crystal was grown in the tantalum vessel contained in a
vacuum chamber, equipped with an Omega iR2C series fiber optic
thermometer mounted on a two axis rotation stage for alignment
purposes. The vacuum chamber was equipped with two feed-
throughs connected to an R.D. Mathis LV 400 high-current and
low-voltage power source. The tantalum vessel was connected
between two electrical connecting oxygen-free plates, referred to
as a copper harness, depicted in Fig. 3. The copper harness
connected to the electrical feed-throughs within a vacuum cham-
ber and these feed-throughs connected to the high-current and
low-voltage power source. Continuity was tested to confirm a
stable connection outside of the vacuum chamber. The chamber
was evacuated, and then purged with ultra-high purity argon at
least six times. After the final purge, the chamber pressure was
maintained between 300-400 mTorr argon pressure. The current
was ramped typically from 0 A to approximately 295-315 A over
the course of at least an hour, until the optical thermometer
measured approximately 1345 °C at the tantalum surface. Tem-
perature was maintained for at least an hour. The system was then
ramped down to room temperature over the following 40 h. 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 with a Laser
Technology West Ltd. CS400 diamond wire saw while under a
constant flow of mineral oil for protection from moisture in the air.

2.2. x-ray diffraction measurements

A LiZnP sample was sliced to 4.077 x 3.518 x 2.020 mm?, and
XRD analysis was performed on one side of the 4.077 x 3.518 mm?
face. The sample was mounted into a polishing fixture by parafin
wax. The sample face was polished with a series of silicon carbide
polishing papers ranging from 15.3-2.5 pm grain size, ANSI grit:
600 (P1200), 800 (P2400), and 1200 (P4000) [24,25]. The polished
sample was mounted under argon between two Biaxially-oriented
polyethylene terephthalate (BoPET) sheets, known as Mylar®, in a
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Fig. 2. Cross section of the loaded tantalum vessel. a-tantalum tube, b-argon gas,
c-LiZnP material, d-pyrolytic graphite crucible, e-tantalum cap and f-air-tight
arc weld.
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Fig. 3. Schematic of the oxygen-free copper harness. a-tantalum ampoule,
b-oxygen-free copper and c-electrodes that connect to the low voltage power
source.

custom sample holder designed to keep the sample air-tight, and
then evaluated on a Bruker AXS Inc. D2 CRYSO energy-dispersive
x-ray diffractometer. The measurements evaluated the crystal
structure, orientation, lattice constant and d spacing. The sample
was then mounted into an air-tight poly(methyl methacrylate)
(PMMA) plastic sample holder with a beryllium dome with double
sided tape as shown in Fig. 4. The particular sample was evaluated
while under argon by a Bruker AXS Inc. high-resolution D8
DISCOVER x-ray diffractometer. The diffractometer was equipped
with molybdenum optics with a four bounce monochromator
(0.004° beam divergence), and a line beam 12.0 mm tall by

Fig. 4. Air-tight sample holder provided by Bruker AXS Inc. The sample holder
consists of a PMMA base with double-sided sticky tape (left) and PMMA dome
(right) that screws firmly to the o-ring seal on the base.

Fig. 5. LiZnP crystals grown by the high-temperature growth method (picture
collected through the glove box window).

9.5 mm width (slit size). The sample was evaluated using phase
identification scans, rocking curves and off axis measurements.

3. Results and disscussion
3.1. Bulk crystal growth

The bulk crystal growth process produced ingots of various
size, the largest being 13.0 x 9.0 x 6.0 mm?, as shown in Fig. 5. The
ingot grown from purified material was 9.6 mm in diameter and
4.0 mm in length. A slice of the purified ingot is shown in Fig. 6. It
was evident that the melting temperature reported by Kuriyama
was not confirmed, nor observed in this study [6]. Numerous
attempts to grow LiZnP by melt in crucible lined quartz ampoules
always resulted in non-congruent melting up to temperatures of
1150 °C. Temperatures above 1150 °C in quartz 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 LiZnP requires temperatures slightly above the thresh-
old of conventional resistive coil furnaces that typically have a
1200 °C upper limit under continuous operation. Optical thermo-
meter readings sampled through a quartz window of the crystal
growth chamber, typically indicated a process/growth tempera-
ture between 1335-1355 °C (depending on the focus of the optical
thermometer), which allowed for the congruent melt of LiZnP.

3.2. x-ray diffraction measurements

The polished LiZnP sample is shown in Fig. 7. The sample was
sandwiched between sheets of Mylar® for protection against
moisture and air. The 4.077 x 3.518 mm? sample face was evalu-
ated for crystal structure, lattice constant, d spacing, and orienta-
tion with a Bruker D2 CRYSO energy-dispersive x-ray diffrac-
tometer. The EDXRD method utilizes a Rhodium x-ray source that
produces a polychromatic x-ray beam, a monocapillary optic to
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Fig. 6. Slice from the LiZnP purified ingot (picture collected through the glove box
window).

Fig. 7. A 4.077 x 3.518 x 2.020 mm? purified bulk grown LiZnP sample.
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Fig. 8. The energy dispersive XRD spectrum collected on the polished LiZnP
sample. Laue peaks from {220} and {440} LiZnP were observed.

collimate the x-ray beam to a spot, and an energy dispersive
silicon drift detector. Energy plots from the diffracted beam are
collected as the sample is rotated about the crystal surface normal
(phi). 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
[26]. A collection of Laue peaks were observed for energy ranging
between 5.0-6.5 keV, as shown in Fig. 8. The mere observation of
these peaks proved that the sample was crystalline. In addition,
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Fig. 9. The theoretical phase identification plot calculated with PowderCell 2.4 with
a lattice constant of 5.885 A.
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Fig. 10. A ¢ scan of the (220) main orientation. The array of peaks indicates
presence multiple facets.

these peak locations were used to determine the main orientation,
crystal structure, lattice constant and d spacing, by comparing to
theoretical locations. A guess of the crystal structure, orientation
and lattice constant was programed into the Bruker AXS Inc.
software that calculated the theoretical peak positions based on
the input parameters, and compared these locations to the
experimental peak locations. The best fit to theoretical calculations
was determined to be a cubic crystal structure with main orienta-
tion of (220), a lattice constant of 5.885 A, and d spacing of 2.081 A.
The lattice constant was slightly higher than that of what was
determined from the synthesized material [1].

The expected phase identification pattern was determined for
LiZnP using PowderCell 2.4, shown in Fig. 9 [27]. The calculation
was based on the lattice constant determined from the EDXRD lattice
constant result, 5.885 A, and molybdenum optics of a 0.71 A wave-
length. High-resolution phase identification scans were performed
on the sample. Diffraction was observed at 260=19.4620° and
£2=10.7294". Next, a ¢ scan (sample is rotated along the azimuthal
direction) was performed. From Fig. 10, it is evident that multiple
facets are present. Intensity was maximized by adjusting the ¢ angle
on the most intense peak i.e. 199.94°, and phase identification scans
were collected as shown in Fig. 11. The (220) orientation was clearly
prominent at a 26 of 19.46°, which confirms with the EDXRD result. In
addition, the (440) orientation was observed at a 26 of 39.48° and
matches well with the theoretical position. The (440) orientation was
also seen in the EDXRD scan where corresponding Laue peaks were
observed between 10.75-12.5 keV as seen in Fig. 8. The crystalline
ordering along the out of plane direction was examined by carrying
out open detector rocking curves using a 4 bounce monochromator
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Table 1
The angle between the (220) plane and the selected crystalline plane.

(hkl) plane Angle
(422) 30°
(311) 31.48°
(222) 35.26°
(400) 45°
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Fig. 13. A phase identification measurement at a y of 32.8560°. The (311) and (333)
orientations were identified.

and an open detector. A (220) full width at half maximum (FWHM) of
0.417° was recorded as shown in Fig. 12. A rocking curve performed on
a Single Crystal Silicon standard (from Bruker AXS) yielded a FWHM of
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Fig. 14. Open detector (311) LiZnP rocking curve. A FWHM of 0.294° was observed.

0.004 degrees (14.4 arcsec) for the Si (111) reflection, which indicates
that the rocking curve FWHM broadening of the LiZnP sample is
primarily coming from the mosaicity of the sample.

The yr axis (sample tilt) of the cradle, was utilized to explore the
in-plane ordering of the sample. The angle between the (220)
plane and other planes of interest are listed in Table 1. Diffraction
was observed at a y of 32.8560°. A phase identification scan was
collected which produced three prominent orientations, which is
further indication that the sample is not a perfect single crystal as
shown in Fig. 13. The peak located at 22.6° 28 likely corresponds to
the (311) orientation, which is theoretically located at 23.05° 26
for LiZnP with a lattice constant of 5.885 A. The peak located at
36.2° matches nicely to the theoretical position of the (333) LiZnP
with a lattice constant of 5.885 A. However, the peak located at
26.3° 260 does not match well with the theoretical position for
(222) LiZnP, with a lattice constant of 5.885A. These results
indicate that grain boundaries exist in the evaluated area of the
sample, and multiple domains could exist. In addition, these
domains may have a shift in lattice constant from what was seen
in the (220) main orientation. At the same angle of y (32.8560°),
the 20 axis was positioned at the (311) reflection and a rocking
curve was collected, as shown in Fig. 14. The FWHM was deter-
mined to be 0.294°. The same order of magnitude FWHM was
determined for the out-of-plane (220) and off axis (311) measure-
ments, indicating a reasonable degree of crystallinity in the out-of
plane and in-plane directions.

4. Conclusions

The largest known crystalline ingots of LiZnP were grown by a
modified Bridgman high temperature method. LiZnP crystal
growth was performed successfully in pyrolytic graphite crucible
lined tantalum vessels. The melting temperature observed was
experimentally determined to be between 1320-1370 °C. A LiZnP
sample exhibited a (220) main orientation with a lattice constant
of 5.885 A as characterized by EDXRD and high-resolution XRD. A
reasonable degree of crystallinity and ordering was observed for
the out-of-plane and in-plane directions. Future work will include
electrical characterization (resistivity, mobility-lifetime, trapping
time), and neutron sensitivity measurements.
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