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Nature Summary Paragraph

Highly efficient neutron detectors are critical in many sectors spanning national security,®?
medicine,? crystallography,* and astronomy.® The main neutron detection paradigms that currently
dominates the market involve 3He gas-filled proportional counters® and light scintillators’ of
thermalized neutrons. Semiconductor neutron detectors, however, can offer unique advantages that
could make them competitive with or superior to existing detectors as next generation of neutron

detectors. Solids with high concentration of neutron-capture nuclides (5Li, 1°B) can permits smaller



detectors with high intrinsic efficiencies. However, semiconductor direct-conversion detectors
have not made a significant contribution because of lack of promising materials. Here we report
on the new semiconductor LilnP>Ses and demonstrate its potential as a candidate material for the
direct detection of thermal neutrons at room temperature. This compound has a good thermal
neutron-capture cross section and a suitable band gap (2.06 eV) with a favorable electronic band
structure for efficient electron charge transport. Alpha particles from an 2*!Am source were used
as a proxy for the neutron-capture reaction which the LilnP2Ses detectors resolved the full energy
peak with an excellent energy resolution of 13.9%. Direct neutron detection from a moderated Pu-
Be source (based on the nuclear reaction: n + Li=> 3H + “He) was achieved using Li%-enriched
(95% SLi) LilnP,Ses detectors with full-peak resolution. We anticipate that these results will spark
interest in this field and enable the replacement of 3He counters by the next generation of neutron

detectors based on exceptional semiconductors.

Main

Direct neutron detection presents a tremendous challenge as neutrons interact weakly with
most matter®. Neutron detectors exploit the properties of certain nuclides that decay into highly
energetic charged fragments upon capture of a neutron, allowing for easily detectable signals
through ionization products.® In practice, only *He, 1°B, and °Li combine high neutron-capture
cross sections with detectable decay products, and these isotopes have been incorporated into
various detector architectures. The detector of choice for several decades has been the 3He gas-
filled proportional counter. However, in the past two decades, the stockpile of *He has been greatly
depleted with no viable means for increasing production to meet demand.® Therefore, many
candidate technologies have attracted interest including °BFs-filled tubes, °B-lined tubes, 6LiF-

based scintillators, lithium loaded plastic scintillators,” 8LiF-filled micro-structured semiconductor



detectors,'? and neutron-sensitive semiconductors. These technologies have their pros and cons,*
but, to date, a widespread replacement for ®He tubes has not been found.

In particular, ®Li- or °B-containing semiconductors are emerging technologies that
promise highly efficient detectors since the concentration of neutron-absorbing isotopes is much
greater in solids. There are two classes of semiconductor neutron detectors: indirect and direct
conversion.'? The thermal neutron detection efficiency for indirect conversion semiconductors
reaches a maximum of about 40%.* Direct conversion semiconductors utilize a single material for
both neutron capture and charge collection allowing for simpler detector geometry with intrinsic
thermal neutron detection efficiencies approaching 100%. The semiconductors, however, must be
extremely pure with low carrier trapping because neutron fluxes can be very low, creating very
small numbers of excited charges. Two materials based on direct conversion include LilnSe,*4
and hexagonal-BN (h-BN)Y’, but each of these suffer from severe drawbacks that limit their
performance. Despite these aforementioned challenges, we demonstrate here the development and

outstanding neutron detection capabilities of the new layered semiconductor LilnP2Ses.

The selenophosphate compound, LilnP2Ses, is a 2D layered semiconductor that offers the
requisite properties needed to achieve direct thermal neutron detection. Bulk LilnP2Ses was
synthesized phase pure (See Extended Data Fig. 1.a-c) via a slightly off-stoichiometric solid-state
reaction at 750 °C (see Methods). LilnP2Ses crystallizes in the trigonal space group P-31c with
lattice parameters a = b = 6.3975(9) A, ¢ = 13.351(3) A, a = # = 90°, and y = 120° (Details of the
refinement and structure can be found in the Extend Data Table 1.a-e). LilnP.Ses comprises
polyhedral layers separated by Van der Waals gaps. The layered nature of this compound is clear
from scanning electron microscopy images (Extended Data Fig. 2c-d). Each individual layer

possesses the Cdl. structure prototype where Li, In, and P> dimers each occupy one third of the



octahedral Cd sites in an ordered manner and Se occupies the | site, illustrated in Fig. 1a. The
stacking of these layers follows an ABAB sequence such that along the c axis, the InSes polyhedra
align while the LiSes and P.Seg polyhedra alternate (Fig. 1b). This structure type is common among
other metal selenophosphates with the general formula M*M3*P,Ses'®° and derives from a larger
layered family based on divalent metal cations M?*,P,Ses.2> Raman spectroscopy at 633 nm
excitation shows several well-resolved peaks consistent with the vibrational modes of the InSes

octahedra and [P.Ses]* unit seen in Fig. 1d. (See Extended Data Fig. 3 for details).

The melting behavior of LilnP2Ses was determined through differential thermal analysis,
with melting and crystallization points of LilnP2Seg of 717 °C and 695 °C, respectively, (Extended
Data Fig. 2a). The compound is congruently melting, as a single thermal event is observed upon
heating or cooling and the powder diffraction pattern (Extended Data Fig. 1g) after DTA shows

only LilnP2Ses present.
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Figure 1 (A) Crystal structure of LilnP,Ses 2 x 2 unit cell looking down ¢ — axis (B) single unit cell looking
down ab — axis showing layered structure. (C) Source side of reaction vessel containing plate-like crystals
of LilnP2Ses grown using chemical vapor transport. (D) LilnP,Ses Raman spectrum at room temperature.

We then developed a more effective approach to grow detector-grade, large-size LilnP2Ses
single crystals by the chemical vapor transport (CVT) method. The temperature of the hot zone
(660°C) was below the melting point because otherwise the atmosphere would saturate with the
volatile components and inhibit transport of the other constituents. The cold zone was set to 560
°C, creating a driving force for the transport of material from the hot to the cold zone. Initial
transport reactions of LilnP.Ses were carried out without a transporting agent and produced tiny
LilnP.Ses crystals with a low yield (~ 1mg out of ~0.7 g starting material) even after a few days

of transport due to the decomposition into amorphous PxSey (Extended Data Fig. 1d).



This issue was resolved by the use of iodine as a transporting agent, as the formation of
Inlz and Lil significantly enhances the transport of each metal component to balance the vapor
transport.?! lodine-assisted CVT allowed for growth of large single LilnP2Ses crystals with
dimensions of area ~1cm? by thickness ~0.05-1 mm for week long reactions seen in Fig 1c. To
reduce the amount of nucleation sites and improve the yield of large crystals, a reversal of the
zones for 24 hours was employed to ensure that all LilnP.Ses material was at the source side. The
crystals of transport reactions without this first step are smaller and often intergrown with each
other due to multiple nucleations (Extended Data Fig. 1e). The reversal of the hot and cold sides
at the end of the reaction limits the deposition of the gas phase species on to the as-grown crystal
surfaces, which is necessary for high-quality, clean surfaces that permit good electrical contact
with the electrodes. The X-ray powder diffraction pattern of ground CVT-grown LilnP2Ses crystals
matches the simulated pattern and exhibits identical thermal behavior as bulk material (Extended
Data Fig. 1f, 1h, 2b), confirming the purity of the transported LilnP2Ses single crystals.

Density functional theory calculations of the electronic band structure were carried out
using the PBE+vdW functional, revealing LilnP.Ses to be an indirect gap semiconductor with a
band gap transition from the K point at the valence band maximum to the conduction band
minimum at the T" point for a band gap of 0.94 eV (Fig. 2a). The conduction band is composed of
hybridized In s and Se p states associated with the empty In 5s lone pair, while the valence band
is made up of Se p states as seen in Fig. 2b. The conduction band has high curvature corresponding
to a low effective electron mass (me*) of 0.16 me and 0.30 me for the in- and out-of-plane
directions, respectively. The valence band maximum lies along the out-of-plane direction in
reciprocal space (K to H), and the band in this direction is very flat so the hole effective mass in

the out-of-plane direction will be immense. Accordingly, we expect that the electron mobility



should be vastly superior in LilnP2Ses, especially given that the planar nature of the material forces

devices to operate in the out-of-plane direction.
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Figure 2. (A) Electronic band structure and (B) density of states plot for LilnP,Ses calculated using PBE +
vdW on a fully relaxed structure, with Brillouin zone inset. (C) LilnP;Ses UV-Vis-NIR transmission
spectrum with Tauc plot inset. (D) Photoluminescence spectrum of LilnP,Ses at 12.5 K, 2 mW with three
Gaussian fit peaks.

UV-Vis-NIR transmission and reflection measurements on a LilnP2Ses single crystal were
used to measure the band gap, which was determined to be 2.06 eV (Fig. 2c). PL measurements
on LilnP2Ses at low temperature (12.5 K) under 405 nm excitation showed red-orange emission
from the as-grown surface of the single crystal, with two broad emission bands observed with peak
maxima near 1.73 eV and 2.05 eV (Fig. 2d). Excitation intensity and temperature-dependent PL
measurements support the assignment of the 1.73 eV peak to donor-acceptor pair recombination

and of the 2.05 eV peak to a free-to-bound transition, a detailed discussion may be found in

7



Extended Data Fig. 3. Despite these defect-related peaks, the strong PL signal from an indirect gap

material is an indication of good optical quality.
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Figure 3. (a) Dark and photo IV plot (absolute value of current) for LilnP.Ses (~0.3 mm thickness)
grown from CVT with gold electrodes illumination from ambient light (~0.2 mWcm?) in the range of -
100 to 100 V. (b) Pulse height spectrum of alpha particles from #*Am for a LilnP,Ses device (~120 um
thickness) for electron collection at various voltages for a duration of 60 seconds each. (c) Pulse height
spectrum of LilnP,Ses detector (~0.5 mm thickness) under 700V bias illuminated by Americium-241
gamma rays, Cobalt-57 gamma rays, and no source shown in the black, blue, and red trace, respectively.
The spectra were collected for 200 seconds each. (d) The pulse height spectrum at 700 V with the same
conditions as (b) (inset) Dark current measured from 0 to 1000V to -1000V to OV with same conditions as
(a). The contact area on the crystals in (a-d) was 3x3 mm?. The shaping time used in (b-d) was 1 ps.



LilnP>Ses detector devices were fabricated from large CVT-grown single crystals by
evaporated planar gold contacts. Pristine LilnP2Ses devices exhibit very low dark current on the
order of picoamps shown in Fig. 3a, corresponding to a high electrical resistivity around 10%3
Q-cm. The dark current plot results from a non-zero current at 0V, though the dark current exhibits
linearity in this range (Extend Data Fig. 4a). When larger voltages were applied, a diode-like 1V
curve was observed while the low dark currents still maintains, 2 nA at 1000V ( Fig. 3d), which
was more than sufficient for effective alpha and neutron detection measurements This behavior
might originate from blocked/injected current from the electrodes under large electric field up to
tens of kV/cm. When exposed to ambient light (~0.2 mWcm), photogenerated charge carriers in
the LilnP2Ses detector increase the current by three to four orders of magnitude (Fig. 3a). This is
an exceptional photoresponse that indicates favorable charge transport properties in LilnP2Ses, as
the photogenerated carriers efficiently traverse the detector thickness.

As a direct conversion semiconductor based on lithium, neutrons are captured in LilnP2Ses
through the following nuclear reaction: n + Li = “He + 3H (Q-value = 4.78 MeV). Thus, the
interaction of alpha particles produced from the decay of 2*:Am (Q-value = 5.486 MeV) mimics
the energy deposition of a neutron-capture event at the detector surface.

The pulse height spectrum of a LilnP2Ses device with a thickness of 120 um under 5.486
MeV 2*Am alpha particle irradiation for electron collection can be seen in Fig. 3b. Here channel
number reflects the charge collection efficiency (CCE) which is the ratio of collected and generated
charge from a single event (e.g. neutron capture), and under constant bias can be considered
proportional to energy of the incident particle. The peak from the interaction of alpha particles
shifts to higher channel numbers with increasing voltages, as higher CCE can be achieved with

higher applied electric field. The energy resolution for the full energy peak at 700 V was 13.9 %



for the LilnP.Ses detector, confirming that LilnP2Ses can accurately resolve the charged particles
which are generated by neutron interaction. To our knowledge, this is the highest energy resolution
reported for Americium-241 alpha particles for any direct conversion thermal neutron
semiconductor detector, surpassing the 23.3 %"° resolution of LilnSe; or the non-resolution of the
full energy peak due to poor CCE in h-BN.

These results are reproducible amongst different growths, and the alpha particle response
of other LilnP2Ses devices with crystals grown under identical conditions can be seen in Extended
Data Fig. a-h. For hole collection in a typical sample, usually a shoulder rather than full energy
peak was observed implying relatively poor CCE of holes. Nevertheless, several devices were able
to resolve the 2**Am peak for both holes and electrons. This is because the high electric field this
material can withstand (at least 60 kV/cm) allows the generated carriers to be swept out to the
contacts before trapping or recombination can occur, resulting in spectroscopic response even for
the relatively low mobility holes. For a constant applied voltage across various samples, the CCE
was higher for thinner samples because larger external electric field. These results conclusively
demonstrate that LilnP,Ses devices can achieve high resolution spectroscopic response to *Am
alpha particles.

Isotopically enriched lithium (95% °Li) was used to grow LilnP,Ses crystals (hereafter
labeled ®LilnP,Ses) with maximal ®Li to maximize thermal neutron-capture cross section. The
alpha particle response of ®LilnP,Ses devices were similar to the unenriched analogues with full
resolution of the 2*1Am peak under electron collection (Extended Data Fig. 7a-e). Hole collection

of ®LilnP,Ses devices also demonstrated some level of alpha particle response.
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Figure 4. (A) Binned pulse height spectrum of a (b) 7 x 7 mm? ®LiInP,Ses device (90 um thickness) exposed
to a moderated plutonium-beryllium source while unshielded (red) and Cd-shielded (black, 0.125 mm
thick), and exposed to a ~5 times weaker source (gray) under 300 V bias and 3 us shaping time for 30
minutes for each spectrum. The counts from channel number 16 and above correspond to neutron-capture
events. The counting rate for the unshielded measurement was 0.95 counts/second/cm?.

The 95% °Li enriched detectors were tested for thermal neutron response at room
temperature using a moderated very weak Pu-Be source which generated roughly 75
neutrons/second/cm?. The device had an active area of 7 x 7 mm?with a thickness of ~90um and
was subjected to a bias of 300V. The binned pulse height spectrum of a ®LilnP.Ses device under
neutron irradiation shows a defined peak which is clearly resolved from the background,
demonstrating successful direct detection of neutrons (Fig. 4a). The pulse height spectrum shows
a broad full energy peak corresponding to the neutron-capture reaction close to the dark current
noise background edge. When cadmium shielding (0.125 inch thick) was placed in front of the
device to block most of the thermalized neutrons, the counting rate was reduced by 87%. This
reduction stems from the high absorption of neutrons below the cadmium cutoff energy (0.5 eV).??

The energy resolution of this neutron-capture peak was 69.7%. This response is very promising at
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this early stage, as this new material is the first semiconductor direct thermal neutron detector with
intrinsic ®Li to demonstrate a resolved full energy peak from incident thermal neutrons.

An ideal neutron detector should be insensitive to gamma rays to ensure that false neutron
counts are not generated from incident gamma radiation. The ability of LilnP,Ses device to
discriminate against gamma ray was evaluated on a thicker detector (~0.5mm) exposed to a 0.2
mCi ®’Co gamma radiation source (a photon flux multiple orders of magnitude higher than the
neutron source utilized above). Despite the higher flux, the pulse height spectra of the ambient
background and under direct gamma radiation shown in Fig. 3c are essentially identical,
demonstrating the negligible gamma sensitivity of this material.

In conclusion, LilnP2Ses is the first semiconductor direct thermal neutron detector with
intrinsic ®Li to demonstrate a resolved, full energy neutron peak above the background. Further
improvements in neutron detector efficiency could be achieved through the growth of larger single
crystals, such as through the Bridgman growth method. Furthermore, spectroscopic **Am a-
particle detection is achieved with 13.9% energy resolution. The excellent semiconducting
properties and radiation response achieved here demonstrate that LilnP,Ses has the potential to
disrupt the neutron detection technological field, which relies almost exclusively on scintillation
paradigms, and usher in the semiconductor modality for direct conversion thermal neutron

detection.

Online Content

Methods, along with any additional Extended Data display items and Source Data, are available

in the online version of the paper; references unique to these sections appear only in the online

paper.
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Methods
Chemical Reagents — Lithium (99.9% Sigma Aldrich), indium (99.99% American

elements), phosphorus (99.999% Alfa Aesar), selenium (99.99% American elements), iodine
(99.999% Sigma Aldrich) were used as received. For material used in detectors, high purity indium
(99.9999 % Alfa Aesar) and selenium (99.999 % Alfa Aesar) were used. Isotopically enriched
lithium (95% °Li) was used for synthesizing materials for neutron detection measurements.

Synthesis of Li2Se

Li,Se was synthesized using a modified literature procedure.?®?* In an argon filled
glovebox, lithium metal was removed from mineral oil and the oxidized edges were cut off. The
lithium metal, selenium, and stir bar were added into a 500 mL, three neck flask. The reaction
vessel was attached to a custom apparatus that allowed an ammonia stream to condense liquid
ammonia into the vessel under flowing argon. In a typical reaction, ~300 mL of ammonia would
be condensed using a cold finger containing an acetone/dry ice mixture. The reaction remained in
reflux and stirring until the ammonia color changed from deep blue to clear. After the completion
of the reaction, the liquid ammonia was boiled off and the vessel material was placed under
vacuum overnight. The material was stored in an N2 glovebox. In a typical reaction, 15 g of
material was synthesized with the Li:Se ratio of 2:1.002. The slight excess of selenium was to

ensure the reaction goes to completion.
Synthesis of LizozIn

In an argon filled glovebox, In (2.535g) and Li (0.147g) chunks were loaded into a glassy
carbon crucible with a lid. This crucible was then placed in a fused quartz silica tube and the tube

was flame sealed under ~2 x 102 mbar of pressure. The tube was placed in a vertical furnace and
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subjected to the following heating profile: Heat to 700 °C in 10 hours, soak for 2 hours, and then

cool to ambient temperature. The ingot was extracted and stored in a nitrogen box.
Synthesis of P2Ses

For P»Ses, red phosphorus pieces (1.356 g) and selenium shot (8.644 g) were loaded into a
13-mm fused silica tube in a stoichiometric ratio. The tube was flame sealed under vacuum (~2 x
10 mbar). The reagents were physically mixed by shaking the tube. The tubes were placed in a
tilted tube furnace such that the tops of the tubes were at the center of the furnace. The following
temperature profile was used: Heat to 500 °C in 12 hours, hold temperature for 72 hours, furnace

cool to ambient temperature. The tubes were opened in a nitrogen filled glovebox for storage.

Synthesis of bulk LilnP2Ses

Due to the air-sensitive nature of Li>Se, the reagents were manipulated in a nitrogen-filled
glovebox. For the bulk synthesis of LilnP2Ses, Li>Se (0.437 g), In (1.030 g), P2Ses (4.181 g), and
Se (0.351 g) were loaded into a carbon coated, 13-mm fused silica tube corresponding to the molar
ratio, Li/In/P/Se = 1.05/1/2.04/6.12. Alternatively, Liiozln (2.500 g), P-Ses (9.643g), and Se
(1.667g) could be used as the starting reagents and was used for the synthesis of detector grade
crystals. Synthesis of chalcogenides containing Li typically require crucibles that can withstand
chemical attack from Li such glassy carbon or pyrolytic BN.'* In the present synthesis, the tubes
were carbon coated to prevent glass attack. The tubes were flame sealed under vacuum (~2 x 107
mbar). The tubes and thermocouple were placed in the same manner as in the reaction of P,Ses.
The following optimized heating profile was used: Heat to 750°C in 10 hours, hold temperature

for 24 hours, cool to 350°C in 12 hours, and then furnace cool to ambient temperature. The tubes
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were opened in air revealing an ingot comprised of deep red plates. The synthesis of bulk

SLilnP,Ses was performed using the ®Li1.osIn, P2Ses, and Se as the starting reagents.
Chemical vapor transport

Preformed material from the bulk synthesis was used as the source of the CVT growth of
LilnP2Ses. In a typical synthesis, approximately 0.5 - 5 g of material and accompanied with 16-30
mg of I, the amount I, used depending on the inner diameter of the fused silica tube (11-16 mm).
The tube would be sealed to a length of 17 cm while the bottom was submerged in liquid nitrogen
to prevent loss of iodine. The tube was then placed in a two-zone furnace and subjected to the
following heating profile: Source zone - Heat to 560°C in 6 hours, hold temperature for 12 hours,
heat to 660°C in 6 hours, hold for 168 hours, cool to ambient temperature in 6 hours; Sink zone —
Heat to 660°C in 6 hours, hold for 12 hours, heat to 560°C in 6 hours, hold for 170 hours, cool to
ambient temperature in 10 hours. After the transport process, deep red plates could be found on
the sink side and the source material was consumed. The vacuum of the tube was carefully
breached by slowly cutting into the tube at the source side with a diamond saw to make a pin hole

opening. This step was necessary to prevent damage to the thinner crystals from the influx of air.

X-ray diffraction — A Rigaku Miniflex600 equipped with a Dtex silicon 1-D detector was used to
obtain powder X-ray diffraction patterns. Cu Ko, radiation (A = 1.5406 A) was produced using 40
kV and 15 mA and filtered with a graphite monochromator and K foil filter. A zero-background
silicon holder was used. Crystals suitable for single crystal diffraction were obtained using CVT
reactions. Single crystal X-ray diffraction was performed using a STOE IPDS Il operating at 50
kV and 40 mA with Mo Ka radiation (A = 0.71073A) with graphite monochromatizer. Data

reduction, integration, and absorption correction was performed using the X-area software
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package. XPREP was used to determine the space group and prepare data for structure solution.
Structure solutions using intrinsic phasing and refinements were obtained using SHELXT? and
SHELXL?®, respectively. OLEX2 was used as a GUL?" VESTA was used to produce crystal

structure figures.?®

Optical properties characterization — UV-Vis-NIR transmission and reflection were measured
on a PerkinElmer LAMBDA 1050 UV/Vis Spectrophotometer in the range of 1500 to 250 nm on
a single crystal of LilnP,Ses at room temperature. These were used to obtain the absorption and
thereby determine the bandgap via a linear fit of a Tauc plot. Raman spectroscopy was conducted
on a single crystal of LilnP.Ses at room temperature using a confocal Horiba LabRAM HR
Evolution spectrometer with an excitation wavelength of 633 nm and a laser power of 25 mW.
Room-temperature photoluminescence (PL) was measured in the range of 475 nm to 1000
nm with the same Horiba LabRAM HR Evolution spectrometer using an above-bandgap excitation
wavelength of 473 nm. The laser power (25 mW) was varied between 0.25 mW and 12.5 mW
using neutral density filters. Laser powers above 1.25 mW led to visible damage to the sample,
and below this threshold no PL was observed. Above this point a broad band appears from 1.4 eV

to 2 eV, likely due to an impurity phase formed upon decomposition of the sample.

Temperature-dependent and excitation intensity-dependent photoluminescence were
measured on a LilnP2Ses single crystal in a closed cycle He cryostat (SHI Cryogenics DE-202).
The single crystal was mounted on the stage using Apiezon N grease. The excitation source was a
continuous wave diode laser (OBIS 405 nm LX, beam diameter 0.8 mm) with the power digitally
adjusted in the range of 0.5 mW to 21 mW. A 405 nm bandpass filter (FWHM 10 nm, Thorlabs,
Inc.) screens the laser light focused onto the sample, and the emitted light is filtered by a 450 nm

long-pass filter (Thorlabs, Inc.) before reaching the monochromator entrance slit (width 200 um).
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A chopper was used at 710 kHz to increase the signal to noise ratio. Photoluminescence spectra
were resolved by a 500M SPEX grating monochromator with a Hamamatsu R928 photomultiplier
tube biased at 500 V, which was read into a SR810 lock-in amplifier (Stanford Research Systems).

PL spectra were collected over the range of 530 — 900 nm at a rate of 1 nm/s.

Differential thermal analysis (DTA) — For the determination of thermal properties, a Netzch
Simultaneous Thermal Analysis (STA 449F3) instrument was employed. Approximately 25 mg of
sample was sealed in a fused silica ampoule. An ampoule of alumina of similar mass was used as
a reference. The heating and cooling rates were 10 K/min.

Band Structure — The band structure calculations were performed using the VASP ab initio
package within the framework of density functional theory. The symmetry unconstrained lattice
parameters and atom coordinates were relaxed to the local total energy minimum starting from the
structure that we experimentally measured in this work. The structure optimization was performed
applying the PBE exchange and correlation functional with the van der Waals extension using the
optB88-vdW functional.?® The electronic band dispersions were calculated for the fully relaxed
structures using the special k-points and the high-symmetry path in the Brillouin Zone defined by
Setyawan and Curtarolo.®® The analysis of the data generated by the ab initio calculations was
carried out with Python scripts with an extensive use of the Atomic Simulation Environment
(ASE)*! and the Python Materials Genomics (pymatgen) materials analysis libraries.®? The
effective masses were calculated using the set of python scripts available at the emc repository.
Scanning electron microscopy (SEM) — A Hitachi 3400 scanning electron microscope was used
to image the microstructure. The accelerating voltage and probe current were set to 20 keV and 70

mA, respectively. Energy dispersive X-ray spectroscopy (EDS) was performed using a PGT
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energy dispersive X-ray analyzer. Aztec software from Oxford instruments was used to analyze
EDS data.

Device fabrication.

Planar-type devices were fabricated using single crystals grown from chemical vapor
transport without cutting or polishing due to the high surface quality of the as-grown crystals.
Translucent and flat crystals that were visibly defect free were selected. Gold electrodes with a
typical area of 3 x 3 mm? (unless otherwise stated) and thickness of ~70 nm were deposited on
both sides of the crystal by thermal evaporation at a rate of ~1 A/sec using a SQC-310 Inficon
deposition controller. Cu wires were attached to the gold electrodes using graphite paste, allowing

the crystals to be connected to the external circuit used for property measurements.
Electrical properties and a-particle response.

The electrical resistivity was measured using a Keithley 6517B electrometer. For dark
current measurements, the device was enclosed in a light-tight metal box. The photoconductivity
was measured using ambient light (0.2mWcm™, 400-800 nm) as the source of excitation. I-V
characteristic curves from 100 to -100V was used to calculate the electrical resistivity. To enable
collection of the a-particle spectrum, planar-type detectors with evaporated gold contacts were
used for pulse height spectroscopy. The a-particle source employed in this work was ?*!Am a-
particle source with a typical kinetic energy of 5.486 MeV. The detectors were enclosed in a light-
tight metal box with an 2**Am alpha particle source ~ 3 mm away from the top electrode. The
device was connected to eV-550 preamplifier and a voltage source that applied a (+/-) 20 — 1000V
to the bottom electrode. An ORTEC amplifier (model 572A) was used to amplify and shape the
signal from the preamplifier. The gain and shaping time were set to 100-200 and 0.5 — 2 us,

respectively. A dual 16K input multichannel (Model ASPEC-927) and MAESTRO-32 software
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were used to process the amplified signal and display the response spectrum, respectively. The
Hecht equation for a single carrier type is a common way to estimate pt* seen below: CCE =

2
(”;% [1 —exp ((I«lj)eV)], where d is the thickness of the semiconducting region the charge carrier

travels and V is the applied voltage. The charge collection efficiency (CCE) refers to the fraction

of charge that is collected vs generated.
Neutron detection.

The same setup used to measure the pulse height spectrum of alpha particles was used to
the neutron response. The source of neutrons used was from a polyethylene moderated PuBe
source. A 3He-proportional tube was used to determine the neutron flux of the source so that the
absolute efficiency of the devices could be calculated. The LilnP,Ses device was placed at the
same distance away from the source as the *He-detector. Collection times were 30 minutes. The
channel number was reduced from 16,384 channels to 128 by summing the counts from 128

channels into a single channel.
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Extended Data Table/Figure Legends

Extended Data Table 1 | a, Crystal data and structure refinement for LilnP,Ses at 293 K. b, Atomic coordinates (x10%) and equivalent isotropic
displacement parameters (A2x10%) for LilnP,Ses at 293(2) K with estimated standard deviations in parentheses. ¢, Anisotropic displacement
parameters (A2x10%) for LilnP,Ses at 293(2) K with estimated standard deviations in parentheses. d, Selected bond lengths (A) for LilnP,Ses at

293(2) K with estimated standard deviations in parentheses. e, Selected bond angles (°) for LilnP,Sesat 293(2) K with estimated standard deviations
in parentheses.
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Extended Data Figure 1 | a and b, Experimental vs simulated powder diffraction pattern of LilnP,Seg scaled to the largest peak in (a) and scaled by
a factor of 20 in (b). The simulated pattern has a March-Dollase parameter of 0.3. The PXRD pattern of LilnP,Sesin 1a shows a significant preferred
orientation along the <0 0 | >, i. e. the peaks with the largest intensity are the (0 0 2), (0 0 4) and (0 0 8) planes. This preferred orientation stems
from the layered nature of this compound, which causes the layers to lie parallel to the sample holder. The simulated pattern with March-Dollase
parameter = 0.3 was the reference pattern used to compare with the experimental pattern, and accurately accounts for the sample’s preferred
orientation. When the patterns are zoomed in closer to the baseline, the reflections with contributions from the h and k directions can be seen and
match well with the simulated pattern (1b). ¢, Experimental vs simulated powder diffraction pattern of LilnP,Seg using a stoichiometric amount of
reagents. The unknown secondary phases are marked by (*). d, Sink side of reaction tube used in chemical vapor transport reaction with no iodine
charged into the tube. e, Sink side of reaction tube used in chemical vapor transport reaction with iodine as the transporting agent. This reaction did
not employ an initial reverse transport step. f, Experimental vs simulated powder diffraction pattern of LilnP,Seg grown using chemical vapor
transport. The simulated pattern has a March-Dollase coefficient of 0.3. g, Experimental powder diffraction pattern of bulk LilnP,Ses before (red)
and after (black) differential thermal analysis to 760°C. h, Experimental diffraction pattern of LilnP,Ses grown from chemical vapor transport before
(red) and after (black) differential thermal analysis to 760°C.

Note for Bulk synthesis and chemical stability - The optimized synthesis for LilnP,Seg involves a relatively small excess of Li/P/Se to synthesize
phase-pure material. When a stoichiometric ratio of reagents was used, secondary phases were present (c). The need for additional P and Se may
stem from the imbalanced vapor pressure of different vapor components, which likely induces a P/Se rich atmosphere leaving the melt deficient in
P/Se. For a few reactions, even if the carbon coat peeled off the silica wall, there were no signs of glass attack, suggesting that the as-formed
LilnP,Ses material does not react with silica. Bulk LilnP,Ses shows good stability under ambient atmospheric conditions. However, when the ingot
is finely ground, the resulting powder turns from a bright orange to dark brown after several minutes of air exposure. Both the ingot and powder
were very sensitive to liquid water and appears to exfoliate after several seconds in water, potentially from water intercalating into the layers.

Gas phase equilibria in CVT reaction. Because this vapor transport experiment involves a quinary system when considering the iodine, the gas-
solid phase equilibria is quite complex. For a given material to transport, every element present in the material must have some species that favors
the gas phase. Typically, metal selenides can be transported using iodine through the formation of M™1, (g) and the Se, dimer.?* Phosphorus is
relatively volatile and transports well through the formation of either P4 tetramers or P13.% In contrast, the transport of alkali metals is more difficult*
as alkali metal compounds typically have low vapor pressures at moderate temperatures and thus transport poorly. Li is likely transported as Lil
given its relatively low melting point of 469 °C and boiling point of 1,171 °C. For crystals grown without employing the reversal of zones at the
end of the growth, energy dispersive X-ray spectroscopy mapping (2e) of the surface demonstrated a growth front rich in iodine, demonstrating the
involvement of iodine in the transport of LilnP,Seg.
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Extended Data Figure 2 | aand b, DTA measurement bulk synthesized and CVT grown LilnP,Ses measured up to 760°C in (a) and (b), respectively.
The melting point of LilnP,Ses is considerably lower than LilnSe, (m.p. ~ 915°C )™ which yields several practical benefits including the reduction
of thermally induced defects and improved stoichiometry from reduced evaporative losses of the volatile Li, P, and Se.

¢ and d, SEM images of bulk LilnP,Ses of the basal plane in (c) and a cross section of the layers in (d). The lamellar crystal morphology of the
bulk ingot can be clearly in images. A large flake with a smooth surface was selected to examine the surface of the basal plane. The image in (c)
shows a typical image of the smooth basal plane. The composition from EDS from both orientations yielded the semiquantitative formula In; 1P,
Sego Which is consistent with the expected ratio of 1:2:6 determined from the crystal structure. The lithium content could not be determined from
EDS because of the insensitivity of EDS towards lithium. e, EDS mapping of the surface of LiInP,Ses grown using chemical vapor transport without
reverse transport. The growth front of the layer appears rich in iodine.
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Extended Data Figure 3 | a, Laser power-dependent PL spectra of LilnP,Ses at 12.5 K. b, Power law fitting of the integrated PL intensity versus
power for each peak. ¢, Temperature-dependent PL spectra of LilnP,Ses at 2 mW. d, PL peak energy vs. temperature. e, Arrhenius plots of integrated
PL intensity versus inverse temperature, the solid lines are the least-squared best fit for each peak according to equation S1. f, Tabulated PL peak
properties in LilnP,Ses at 12.5 K.

Room-temperature photoluminescence (PL) measurements on a LilnP,Ses single crystal showed no response to 473 nm excitation except upon
decomposition at high laser powers, when a broad band centered at 1.7 eV appears. This lack of PL response may be due to the indirect gap of the
compound, which reduces the probability of radiative recombination due to the momentum difference between the band edge states that requires
phonons to mediate the transition. Thus, low-temperature PL was used to determine the optical quality of these crystals and investigate whether
any defects were present. As observed in Figure 2.D, LilnP,Ses exhibits two broad photoluminescence peaks at low temperature (12.5 K) which
can be modeled by three Gaussian peaks. A two-peak fit was attempted but found to require the use of an exponentially modified Gaussian peak as
described in ¥ to adequately model the asymmetry of the higher energy band, however the use of such a peak is not justified here as the source of
emission is not the result of a distribution of phonon-related peaks. Hence, these emission bands are best fit using three Gaussian peaks, in which
Peak 2 and Peak 3 correspond to the same broad band so they are expected to show similar behavior. To further characterize the PL emission at
12.5K, excitation intensity-dependence was tested by increasing the laser power from 0.5 mW to 21 mW, resulting in corresponding enhancements
of the emission intensity and a slight blueshift in the peak maxima for all three peaks (3a).

The PL intensity | has a power law dependence on the laser power L in the form I ~ L* with the behavior governed by the exponent k.3 Excitonic
emission shows superlinear behavior with increasing excitation intensity corresponding to a coefficient 1 < k < 2, while free-to-bound and donor-
acceptor pair (DAP) recombination processes have a power law coefficient k below 1. This coefficient can be derived from the slope of a plot of
log(l) versus log (L) for each peak, as shown in 3b. Each of the three peaks observed in LilnP,Ses has a power law coefficient below 1 (3b), so
these emissions are a result of either free-to-bound transitions or DAP recombination. Note the essentially identical behavior of Peaks 2 and 3, these
correspond to the same band and thus have the same power law coefficient of 0.91 + 0.04.

Temperature-dependent PL at 2 m\W demonstrates that the higher energy emission quenches first, with Peaks 2 and 3 merging at 70 K and vanishing
by 90 K, while Peak 1 persists until about 150 K (3c). The peak energy of Peaks 2 and 3 blueshift slightly as temperature rises while Peak 1 redshifts
dramatically between 12.5 K and 150 K (3d). This redshift causes the low-energy tail of Peak 1 to fall past the PMT response limit of 1.46 eV
producing an artificial asymmetry, so above 55 K the fit ignores data below 1.48 eV to accurately reproduce the Gaussian peak shape.

Photoluminescence quenching occurs when a nonradiative recombination process competes for the photogenerated carriers involved in the
emission. The temperature dependence of this quenching behavior can be modeled using an Arrhenius plot, following the commonly used
expression:®

-1

I(T) =1, (1 +aexp (- %)) , (s1)

where o is the PL intensity at zero Kelvin, a is a constant, k is the Boltzmann constant, and E, is the activation energy corresponding to the
competing nonradiative recombination. This model corresponds to the simple case of a single nonradiative transition, and adequately describes the
Avrrhenius plots of integrated PL intensity vs. inverse temperature as indicated by the solid lines in 3e. The activation energies of the nonradiative
quenching processes are determined to be 40.0 £ 6.6 meV, 15.2 + 6.2 meV, and 16.8 + 3.4 meV for Peaks 1, 2, and 3, respectively. Again, the
behavior of Peaks 2 and 3 are quite similar, indicating that they should have the same emission mechanism.

The power law coefficients of all three peaks are consistent with either DAP recombination or free-to-bound transitions, while the energy of each
peak blueshifts with increasing excitation intensity as expected for DAP recombination.*® However, the temperature-dependent behavior of Peak 1
is markedly different from that of Peaks 2 and 3, with different energy shifts as temperature increases and distinct quenching processes for the two
bands. To assign these accurately, compare the relatively deep energy of Peak 1 to the shallower Peaks 2 and 3. DAP recombination occurs between
a donor and acceptor band, both of which must lie deep enough within the bandgap to avoid being ionized, while a free-to-bound transition is
between a single defect band and the opposite band edge so it is only as deep as the defect band. At 1.73 eV, Peak 1 lies well below the band edge
(2.06 eV at room temperature) while Peaks 2 and 3 are much closer to the band gap at 1.98 eV and 2.06 eV, respectively. Together with the
difference in temperature-dependent behavior, this supports the assignment of Peak 1 to DAP recombination and of Peaks 2 and 3 to a free-to-
bound transition. The photoluminescence measurements are summarized in Table S2 below along with these tentative peak assignments. These
results reveal the presence of at least two defect levels which should be identified and removed, but nevertheless the presence of a strong PL signal
from an indirect gap material is an indication of good optical quality and the removal of these defects promises further improvements in the detector
performance of LilnP,Seg
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Extended Data Figure 4 | a, IV plot of from -100V to 100V of a pristine LilnP,Seg device showing linear behavior. b, Pulse height spectra of alpha
particles from a #**Am source at 700V with a gaussian fit (blue curve). c, Binned pulse height spectrum of a 7 x 7 mm? SLiInP,Ses device (90 pm
thickness) exposed to a moderated plutonium-beryllium source while unshielded under 300 V bias for 30 minutes with gaussian fit (blue curve).
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Extended Data Figure 5 | Pulse height spectra of four other samples for (a-d) electron and (e-h) hole collection. The growth conditions of these
samples were the same as spectra in the main text. For hole collection, the spectra had lower channel numbers compared to electron collection
indicating lower CCE for hole transport.
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Extended Data Figure 6 | Channel number vs. voltage for LilnP,Ses devices collecting electrons from main text. The figure of merit for charge
transport in semiconductor radiation detectors is the mobility-lifetime product, denoted pt. For reliable neutron detection, the put must be sufficient
so that counts from neutron capture are at sufficiently high channel number to be distinct from the background to allow accurate discrimination.
The channel number vs voltage is plotted in Figure S14 for a typical device, and surprisingly the curve exhibits two slopes in different voltage
ranges. The Hecht equation cannot model the channel number vs. voltage data because the model assumes linear behavior at low voltages which
then saturate towards a maximum channel number as CCE reaches unity. The observed behavior has the opposite concavity as the model, with a
slight rise in slope as voltage increases. This change in slope can be explained by the reduction of the effective voltage from an internal polarization
antiparallel to the applied field. Similarly atypical behavior has been observed in the alpha particle response of CZT at T = 200 K, where the authors
attribute this effect to polarization from deep level traps.*
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Extended Data Figure 7 | Pulse height spectrum for ®Li enriched LiInP,Ses devices with area of (a,b)7 x 7 mm?, (c)5 x 5 mm?, and (d,e) 3 x 3 mm2,
Devices with larger electrode areas had lower energy resolutions for electron collection, possibly due to properties variation among different
samples. f, As-made LiInP,Se; detectors with diameter of 2 mm (1) and 5 mm (2) respectively on the same single crystal. g, Time-dependent alpha
particle spectra collection by LilnP,Ses detector (5 mm diameter) shown in f. Note that the peak channel number and count rate per second were
constant over time. h, Alpha particle spectra collection by detector 1 shown in f with pulser generator. i, Alpha particle spectra collection by detector
2 shown in f with pulser generator. Note that the position of the pulser peak in h and i were the same and the energy resolution of pulser peak is
(3.540.1)%, indicating the same electronics noise during collection.
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Extended Data Figure 8 | Absorption probability vs. thickness for ®LiInP,Se; for thermalized neutrons.

In addition to charge transport properties, the neutron-capture cross section of LilnP,Ses must be considered, as this directly correlates
with the intrinsic maximum of the detector efficiency. A linear attenuation coefficient can be used to quantify the percentage of incident neutrons
absorbed in a given material through the equation: % of neutrons captured = (1 — e~') x 100%,

where | is the thickness of the active region, and o is the linear attenuation coefficient, which is calculated using the capture cross section of
thermalized neutrons for each element and its molar density. The calculated mass attenuation coefficient for thermalized neutrons was 5.1 and 1.4
cm’® for LilnP,Ses fully enriched in ®Li and naturally abundant Li, respectively. A detector with a thickness of about 9 mm would be able to absorb
99% of incident neutrons. In this work, we have achieved the successful growth of crystals with thickness of ~1 mm which would absorb ~40% of
incident neutrons. Increases in efficiency would be achievable through the scaled up growth of thicker crystals or the stacking of several thinner
detectors.*> When °In (the most common isotope in natural indium) absorbs a neutron, the nuclide produces a gamma ray instead of a highly
energetic charged particle. Thus, about 20% of the neutrons absorbed do not contribute to the signal which sets the maximum theoretical detector
efficiency of ®LilnP,Ses to approximately 80%.
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