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a b s t r a c t

Research for a reliable solid-state semiconductor neutron detector continues because such a device
has not been developed, and would have greater efficiency, than present-day gas-filled 3He and 10BF3
neutron detectors. Further, a semiconductor neutron detector would be more compact and rugged than
most gas-filled or scintillator neutron detectors. The 6Li(n,t)4He reaction yields a total Q value of
4.78 MeV, a larger yield than the 10B(n,α)7Li, and is easily identified above background radiation
interactions. Hence, devices composed of either natural Li (naturally 7.5% 6Li) or enriched 6Li
(approximately 95% 6Li) may provide a semiconductor material for compact high-efficiency neutron
detectors. A sub-branch of the III-V semiconductors, the filled tetrahedral compounds, known as
Nowotny-Juza compounds (AIBIICV), are desirable for their cubic crystal structure and semiconducting
electrical properties. These compounds were originally studied for photonic applications. In the present
work, Equimolar portions of Li, Zn, and P or As were sealed under vacuum (10�6 Torr) in quartz
ampoules with a boron nitride lining, and loaded into a compounding furnace. The ampoule was heated
to 200 1C to form the Li-Zn alloy, subsequently heated to 560 1C to form the ternary compound, LiZnP or
LiZnAs, and finally annealed to promote crystallization. The chemical composition of the synthesized
starting material was confirmed at Galbraith Laboratories, Inc. by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), which showed the compounds can be reacted in equal ratios, 1-1-1, to
form ternary compounds. Recent additions to the procedure have produced higher yields, and greater
synthesis reliability. Synthesized powders were also characterized by x-ray diffraction, where lattice
constants of 5.7517 .001 Å and 5.9397 .002 Å for LiZnP and LiZnAs, respectively, were determined.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The filled tetrahedral compound class AIBIICV materials consist
of the III-V-like compounds with Li interstitials, also referred to as
Nowotny-Juza compounds. Nowotny-Juza compounds were ori-
ginally, and still today, studied for photonic applications [1–3]. The
zincblende crystal structure is arranged where the group II atom is
located at τ1¼(0, 0, 0)a where a is the lattice constant, and the
group V atom is located at τ2¼(1=4,1=4, 1=4)a. The spacious cubic
structure allows for lithium atoms to fill its interstitial site at
τ3¼(1=2, 1=2, 1=2)a, as shown in Fig. 1 [4–6]. The filling of these
interstitial sites allows for a Li-loaded semiconducting material.
Useful electrical properties have been reported by optical means,
where LiZnP and LiZnAs have a direct bandgap of 2.1 eV and
1.51 eV, respectively [4,6].

Nowotny-Juza materials are interesting for solid-state neutron
detectors because the devices would be rugged, operate at
ambient temperature, have high thermal neutron detection effi-
ciency, and adequate gamma-ray rejection. Materials containing,
6Li, 10B, 113Cd, 157Gd, and 199Hg have been considered for solid-
state neutron detectors [7–18]. The 10B(n,α)7Li reaction is desirable
for the 10B microscopic thermal neutron absorption cross section
of 3839 barns, but boron-based compounds, such as BP, BN, and
BAs, have shown limited success and thus far do not appear
promising. These boron based materials typically fail due to crystal
growth, purity, and materials preparation problems [15–19]. A
high purity semiconductor is extremely important to reduce
charge trapping, capacitance, and other charge transport related
problems that greatly degrade the device performance. Addition-
ally, thin-film coated boron devices suffer low neutron detection
efficiency due to their geometry, where only one reaction product
is absorbed in the semiconducting material. Consequently, the
resultant signals may be small and difficult to distinguish from
background and gamma-ray induced events [20]. Additionally,
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depending on the range of the reaction products in the boron
material, film thickness is restricted, due to energy self-absorption,
resulting in a maximum intrinsic detection efficiency of approxi-
mately 4.5% [20]. Solid-state detectors containing 113Cd and 199Hg
devices also have limited detection efficiency due to the low
absorption probability of the prompt gamma-rays that result from
the reactions 113Cd(n,γ)114Cd and 199Hg(n,γ)200Hg [7–10]. The
reaction 157Gd(n,γ)158Gd is desirable for the large 157Gd thermal
neutron capture cross section of 259,000 barns [21]. The reaction
results in low-energy prompt gamma rays and conversion elec-
trons below 220 keV, which are difficult to discern from back-
ground radiations [20]. Finally, 6Li has not been explored to the
same extent as other thermal neutron absorbers, and has an
intrinsic thermal neutron absorption cross section of 940 barns.
The reaction produces a total Q-value of 4.78 MeV, shown in the
following reaction,

6Li þ1
0n-

3Hð2:73MeVÞþαð2:05MeVÞ ð1Þ
Many Nowotny-Juza compounds have been synthesized in

the past, however, difficulties in synthesis, purification, crystal
growth, and handling, unfortunately limit the available physical
and electrical property data. These materials have traditionally
been reacted in a one, or two-step process to synthesize the
ternary material [1–6,22–25]. Ternary (LiZnP, LiZnAs) and binary
materials (Li3As, Li3P) are not commercially available, and there-
fore require in-house techniques to acquire desired materials.
Given the reactive nature of Li, careful consideration of material
synthesis and crystal growth must be made. Additionally, observed
melting temperatures of these ternary compounds exceed that of
conventional Bridgman/Stockbarger furnaces (41200 1C). Thus,
clever synthesis and bulk growth techniques are required for
single crystal growth. In following study, a three step reaction
process was used, which reduced the nature of the exothermic
reaction that occurs, and as result, greatly increased the ampoule
yield from cracking or exploding during the reaction process.

2. Experimental details

The following sections detail the synthesis process and crystal-
lization of LiZnAs and LiZnP. Through rigorous experimentation,
the following synthesis procedure produced the most consistent
AIBIICV material and ICP-OES and X-ray diffraction studies con-
firmed material content and crystal structure.

2.1. Synthesis process

LiZnP and LiZnAs multicrystalline samples were synthesized
from elemental material, 99.995% zinc powder (Sigma-Aldrich),
99.999% phosphorus chunk (Alpha-Aesar), 99.999% arsenic chunk
(Alpha-Aesar), and 99.9% lithium rod (ESPI metals). The elemental
materials were loaded into pyrolitic boron nitride (pBN), tantalum,
or graphite crucibles under an argon atmosphere. Phosphorus
pieces were dried in an argon environment over a hot plate in a

tantalum crucible, and then crushed into a fine powder with a
clean mortar and pestle. Lithium pieces approximately 2 mm thick
were cut from the rod, and the sides where oxidation had
progressed were also removed. The remaining large pieces were
sectioned into 1–3 mm3 samples, and cleaned of residual oil in
anhydrous hexane. Crucibles were cleaned of oil and other con-
taminants by ultra-sonic vibration in hexane, trichloroethylene,
acetone, and isopropanol separately. Boron nitride porosity is
minimal compared to what is observed with graphite materials,
where the porosity is in the range of 9–12% depending on the
material grade [26]. Lithium becomes very reactive once molten,
and can react with graphite to make lithium carbides. Graphite has
historically been used in the synthesis process [24], although a
more repeatable process was found by using a pyrolitic boron
nitride crucible, or sealed tantalum under argon. Lithium (40%
atom weight) and zinc (60% atom weight) was weighed and added
to the crucible as described by the Li-Zn phase diagram [27]. An
equimolar portion of phosphorus or arsenic was added to the Li,
Zn mixture. An excess of 3–5% lithium was included to account for
evaporative loses during the reaction process. The crucible, and a
quartz plug, were loaded into a quartz ampoule and transferred to
a vacuum station while remaining under argon using a vacuum
valve attachment. The ampoule was evacuated to approximately
9.0�10�6 Torr beginning with a roughing pump vacuum followed
by an Alcatel ATP 80 turbo pump evacuation. Vapor pressure of
phosphorus limits the evacuation pressure achievable. It is known
that after heating to only 90 1C, phosphorus vapor pressure rises to
approximately 9.9�10�6 Torr [28]. The ampoule was sealed using
a hydrogen / oxygen torch.

The sealed ampoule was placed into a rotation-stage furnace
system, where the ampoule was rotated at approximately 0.25
rotations per second at approximately a 451 angle to promote
mixing. The furnace was ramped at 1 1C per minute to 200 1C
while the ampoule was rotated to form the alloy Li-Zn [27] and
held for 24 hours. The rotation was stopped, and the furnace was
ramped at 0.5 1C per minute to 560 1C to promote ternary reaction.
The furnace was held for 48 hours, and then ramped to 720 1C or
660 1C for LiZnP or LiZnAs respectively to anneal and promote
crystallization for another 48 hours. The furnace was then ramped
to room temperature at 1 1C per minute. The ampoule was
removed from the furnace, and placed in an argon glove box
where the material could be extracted and stored. Typical reac-
tions yielded approximately 2.0 g of material. LiZnAs reactions
were scaled up to yield up to approximately 6.0 g, although LiZnP
reactions had to remain in much smaller batches (2.0 g) due to
problems with ampoule cracking observed with larger batches.

2.2. Characterization

Powder x-ray diffraction phase identification scans were col-
lected for a LiZnAs sample and LiZnP sample. The AIBIICV material
was crushed into a fine powder under argon, and loaded into a
zero-background sample holder with a layer of Biaxially-oriented
polyethylene terephthalate (BoPET), known as Mylars over the top

Fig. 1. Nowotny-Juza compound zincblende cubic crystal structure.
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of the material, and sealed for protection from moisture in the air.
Each scan was collected on a Bruker D8 ADVANCE diffractometer
equipped with Cu radiation using a Bragg Brentano geometry, and
was compared to experimental data cited in the International
Center for Diffraction Data (ICDD) database [2,24,29]. Additionally,
the phase identification patterns were calculated for both LiZnP
and LiZnAs with PowderCell 2.4 [30] with experimental lattice
constants and space groups determined by Bacewicz [24] shown in
Fig. 5, and compared with the experimental phase scans.

Small facets were cleaved from some of the large chunks that
were produced in the synthesis process. These samples ranged in
size up to approximately 1.5 mm in thickness and 7.5 mm in
diameter where an example of one is seen in Fig. 2 sandwiched
between sheets of Mylars. Samples were polished under argon
with silicon carbide polishing paper up to a final polish with
P4000 grit paper. The samples were characterized
for evidence of crystalline ordering by using a Bruker D2 CRYSO
Energy-Dispersive XRD system. Following that, the crystal

orientation of the samples was determined using the same
instrument. Once the family of planes and corresponding d spacing
was determined, the crystalline perfection of the samples were
examined by conducting rocking curves on a high resolution
Bruker D8 DISCOVER DAVINCI Diffractometer, equipped with a
four bounce monochromator (beam divergence �0.0041).

3. Results

The exothermic reaction that results from synthesizing
Nowotny-Juza compounds stresses the quartz containment, often
resulting in cracking and a loss of material. By producing the alloy,
Li-Zn, before reaction, a much more stable reaction was achieved,
resulting in a much higher harvesting yield, where cracked, or
exploded ampoules were reduced. Shown in Fig. 3 are the
ampoules after reactions for cases of cracking and non-cracking.
Cracking usually forms at the bottom of the ampoule, and result-
ing in oxidized lithium and crucible material.

From a successful reaction, the resulting synthesized material
can be seen in Fig. 4, which produced powder and chunks usually
up to approximately 1.0 mm across, and in some cases, facets that
were quite large, up to 7.5 mm in diameter. Three samples, one
LiZnP and two LiZnAs, were sent to Galbraith Laboratories Inc. for
inductively coupled plasma optical emission spectroscopy analysis
(ICP-OES) to examine elemental concentration after synthesis to
provide an indication of congruent reaction. The ICP-OES process
was performed as described by the EPA, Method 6010b [31].

Fig. 2. A LiZnAs facet prepared for XRD measurements in a sample holder between
two Mylars films.

Fig. 3. Example of ampoule cracking (circled portion) (top), and example of a
successful ternary material synthesis using a graphite crucible (bottom).

Fig. 4. Nowotny-Juza synthesized material. a. LiZnP red metallic power and chunks. b. LiZnAs black metallic powder and chunks.

Fig. 5. The theoretical Cu x-ray phase identification of LiZnP (solid) and LiZnAs
(dashed) powders calculated with PowderCell 2.4 [30]. Lattice constants and space
groups were used in the calculation as presented by Bacewicz for LiZnAs: (F-43 m)
a¼5.939 Å, and for LiZnP (F-43 m) a¼5.755 Å [24].
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The ICP-OES results are shown in Table 1. The analysis column is
the constituent element measured, where the resulting spectro-
scopy is presented as weight percent. Each weight percent was
divided by the element molar mass to find the elemental molar
mass concentration within the sample. Analysis of each constitu-
ent element is associated with a 10% relative standard error as
stated by Galbraith Laboratories Inc.

Numerous powder x-ray diffraction phase identification scans were
collected for LiZnP and LiZnAs powders on a Bruker AXS D8 ADVANCE
with Cu radiation, using the Bragg Brentano geometry. Examples of
the collected patterns can be seen for LiZnAs and LiZnP in Figs. 6 and 7,
respectively. Both patterns matched well with what was reported by
Nowotny and Bacewicz cited in the International Center for Diffraction
Data (ICDD) [2,24]. Lattice constants were determined using TOPAS
(Bruker AXS Inc). The Whole Powder Pattern decomposition approach
was used. Refinement of the experimental phase identification data
yielded lattice constants of 5.75170.001 Å and 5.93970.002 Å for
LiZnP and LiZnAs, respectively.

Cleaved facet sample crystals were analyzed for evidence of
crystallinity using a Bruker AXS D2 CRYSO energy dispersive x-ray
diffractometer (EDXRD). The instrument scans the sample at
multiple ϕ angles, where a family of planes can be identified
through a series of calculations [32]. For a particular LiZnAs
sample, the (1 1 1) family of planes were identified as seen in
Fig. 8, where each spectrum is a measurement at a different
position of phi across 360 degrees. A d spacing of 1.755 Å was
determined from the location (energy) of these peaks, and the
orientation and lattice constant of the sample. Characteristic x-
rays are also collected by this method providing an indication
of impurities in the sample. Characteristic x-rays from calcium,
copper and iron were observed from the LiZnAs sample.

The crystallinity of the (1 1 1) family of planes was examined
by carrying out rocking curve measurements using a 4 bounce
monochromator, with a line beam 12.0 mm tall by 9.5 mm width
(slit size). The full width of half maximum of the (1 1 1) atomic
plane was determined to be 0.097o as seen in Fig. 9. A rocking
curve performed on a single crystal silicon standard (from Bruker
AXS) yielded a FWHM of 0.004 degrees (14.4″) for the Si (1 1 1)
reflection, which indicates that the rocking curve FWHM broad-
ening of the LiZnAs sample is primarily coming from the mosaicity
of the sample. Finally, a phase identification scan was collected on
the sample shown in Fig. 10. The (1 1 1) LiZnAs reflection is quite
prominent at approximately 25.51 2θ and in addition there is
indication of the (222) LiZnAs reflection at approximately 521 2θ.
Samples were prepared under argon, and sealed using an x-ray
transparent Mylars film, in order to protect the samples from
degradation during the measurement process.

4. Discussion & conclusions

Nowotny-Juza compounds were synthesized into powder and
large pieces, and ICP-OES confirmed the materials can be synthe-
sized into a 1-1-1 ratio. As seen in Table 1, the total weight percent
of each sample equaled approximately 100% within the 10%

standard error that is associated with each elemental measurement.
The sample with the most deviation from a total of 100% was LiZnAs
(1) with 78.23%. Additionally, the elemental molar concentration also
deviated most between constituent elements out of the three samples
tested. These two deviations raise concerns that some synthesis
reactions may result in incongruent reaction, and contain more
unreacted elemental material, or binary materials, which indicates
that not each ternary reaction produces a consistent 1-1-1 stoichio-
metric ratio of constituent elements.

Powder XRD phase identification scans also confirmed the
formation of cubic AIBIICV materials for both LiZnAs and LiZnP,
where the correlation between the measured and archival peaks
clearly show that both materials were formed. The reflections

Table 1
The ICP-OES results from Galbraith Laboratories Inc.

Sample: LiZnP Sample: LiZnAs (1) Sample: LiZnAs (2)

Analysis Result (%) Molar Concentration (mol/Vol) Analysis Result (%) Molar Concentration (mol/Vol) Analysis Result (%) Molar Concentration (mol/Vol)

P 31.3 0.010 As 41.3 0.0055 As 50.7 0.0068
Li 7.47 0.010 Li 4.83 0.0070 Li 5.01 0.0072
Zn 64.6 0.010 Zn 32.1 0.0049 Zn 41.5 0.0063
Total 103.37 Total 78.23 Total 97.21

Fig. 6. LiZnAs phase identification scan collected on a Bruker AXS D8 ADVANCE
equipped with Cu radiation. The dashed vertical lines are experimental data of
cubic LiO [29].

Fig. 7. LiZnP phase identification scan collected on a Bruker AXS D8 ADVANCE
equipped with Cu radiation.
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shown in Figs. 6 and 7 matched well with theoretical pattern
calculated using PowderCell 2.4, as shown in Fig. 5, and also
matched with the experimental patterns included in the ICDD
powder diffraction data base [2,24]. Not all peaks can be identified
in Figs. 6 and 7, which may indicate contamination in the
synthesized powders. One indication of contamination in Fig. 6
is observed where peaks match with profiles from lithium oxide,
shown in the vertical dashed lines. Other impurity peaks are
consistent with profiles from lithium carbonate, lithium arsenide,
lithium phosphide, and lithium hydroxide. This contamination
likely occurred during the handling and measurement process,
given the material is hygroscopic. In addition, the lithium rod that
was used in the synthesis process provided by ESPI metals had a
99.9% purity. From the trace element analysis provided by the
supplier, 99.9% lithium contains traces of elements including

calcium (100 pm), iron (10 ppm), and copper (o 30 ppm) [33]
which were observed in the EDXRD spectra shown in Fig. 8.
Additionally, with the current synthesis method, it is suspected
that unreacted elemental material, possible incomplete binary
materials, or other undesired compounds from possible reaction
with the crucible lining material, may be present in the reaction
products; therefore purification of these synthesized materials
must be performed for a material grade needed for semiconductor
devices.

Large single crystal facets grown in the synthesis process did
exhibit in- plane crystalline ordering. A rocking curve collected on
a LiZnAs sample of (1 1 1) planes is shown in Fig. 9. However, the
rocking curve peak profile is not perfectly Gaussian and is
indicative of other domains/facets in the sample. Evidence of
other domains was also seen from the phase identification scan
shown in Fig. 10. The most prominent peaks, at 25.51 and 521,
show presence of the (1 1 1) and (222) LiZnAs reflections as
expected. However, extremely low intensity peaks are present at
approximately 38.51 and 44.71, which indicate presence of other
domains in the particular sample.

The desired ternary Nowotny-Juza materials were synthesized
from elemental constituents. The material exhibited the cubic
crystal structure with atom placement in the desired locations
and lattice constants consistent with calculations and experimen-
tal data. However, material purity is not ideal as indicated from the
ICP-OES analysis and the XRD phase identification scans. Crystals
with in-plane ordering can be found in amongst the synthesized
powders and samples. These samples exhibited crystallinity and a
reasonable rocking curve FWHM value for initial growths. Char-
acterization of the synthesized powders is necessary for the
development of a neutron detector-grade material.
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