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ABSTRACT

NasSia4 1s the precursor to Sizs, a recently discovered allotrope of silicon. With a quasidirect band
gap near 1.3 eV, Six4 has potential to transform silicon-based optoelectronics including solar
energy conversion. However, the lack of large, pure crystals has prevented the characterization of
intrinsic properties and has delayed deposition-based metastable growth efforts. Here, we report
an optimized synthesis methodology for single-crystalline NasSi24 with crystals approaching the
millimeter-size scale with conditions near 9 GPa and 1123 K. Single-crystal diffraction was used
to confirm the open-framework structure, and Na atoms remain highly mobile within the
framework channels, as determined by electrical conductivity and electron energy loss
spectroscopy (EELS) measurements. An epitaxial relationship between Na4Siz4 and diamond cubic
silicon (DC-Si), observed through high-resolution transmission electron microscopy (HRTEM), is
proposed to facilitate the growth of high-quality Na4Siz4 crystals from DC-Si wafers mixed with

metallic Na, and could provide a viable path forward for scaling efforts of Na4Si>4 and Sizs.

INTRODUCTION

While silicon is a cornerstone of modern technology, the indirect nature of the fundamental band
gap places limitations on desired applications.!* However, several other silicon allotropes are
known, especially under high-pressure conditions.>® Among these, BC8 / RS, Sii3¢ clathrate and

>3 In terms of

hexagonal diamond (HD)-Si can be stabilized at ambient conditions.
optoelectronic properties, Siize is particularly encouraging as it has a wide direct or nearly direct
gap near 1.9 eV,'*!7 though some electronic dipole transitions are forbidden which detract from

its potential photovoltaic merits.'® Additionally, challenges with large-scale / film growth and

sample purity of Siizs have prevented major development thus far.'>!%! Moreover, numerous
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allotropes with exceptional optical properties are predicted to exist with very small energy above
the DC-Si ground state,**2°22 suggesting potential for novel, metastable silicon allotropes with
enhanced optoelectronic properties.

Recently, a new open-framework allotrope of silicon, Si24, was discovered using a high-pressure
precursor synthesis method.?>* In the first step of this process, a NasSix precursor was
synthesized at high pressure. NasSiz possesses the EusGasGei6 (Cmem) type structure? with four
formula units of NaSis. This structure type is also known for some alkaline- and rare-earth silicides,
MSis (M = Ca?, St?*’, Ba,”® Eu®, Na?*?%). The structure consists of a clathrate-like sp® silicon host
lattice comprised of five, six and eight-membered silicon rings that form channels along the
crystallographic a-axis. The topology is isostructural with calcium aluminosilicate zeolite (code
CAS),*° and the channels are filled with one-dimensional chains of metal guest atoms. This is
unlike other known Na-Si clathrates such as NagSise (sI) and Nax4Siiz¢ (sII), where the host Si
lattice forms complete polyhedral cages around the Na guest atoms, making Na difficult to remove
from the structure. Na removal from from sl is not possible, while complete Na removal from sII
is extremely difficult, requiring temperatures over 700 K'*. NasSiz4 has loosely bonded Na ions in
large channels that facilitate mobility, and, like the clathrate phases, NasSiz4 also exhibits potential
for thermoelectric applications.®!-?

In the second step to produce Siz4, NasSi4 is recovered to ambient conditions and processed for
Na removal. At 1 atm, NasSios is metastable with a formation enthalpy near 40 meV/atom.>* A
chemical potential driving force, combined with high Na mobility in the open channels sets
favorable conditions for Na removal;**** heating at 400 K under dynamic vacuum (10~ mbar) for
eight days was shown as an effective technique for Na removal (Na < 0.1 at.%) in multicrystalline

3

samples with average grain sizes near 5 pm.?> The large ion mobility suggests potential
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applications in electrochemical energy storage, atomic-scale filtering applications, or as a skeleton
template for creating other silicon compounds. When heated in air, previous observations show
that Si»4 decomposes near 750 K.

While NasSixs is metallic with the Na 3s electrons filling the conduction band, Siy4 is a
semiconductor with band gap near 1.3 eV.?* While formally an indirect gap material, the dipole-
allowed direct band gap is only ~40 meV higher energy than the indirect gap, and the material is
therefore called “quasidirect.” Unlike DC-Si which is strongly indirect (Eg; = 1.1 eV vs. Ega=3.4
eV),**¥ direct optical absorbance for Siz4 could efficiently convert much of the solar spectrum to
electrical energy as both an intrinsic or doped material.*® 1.3 eV is nearly the ideal band gap for
light conversion in the Shockley-Queisser limit for a single junction device.?”-*

In this work we describe the optimal growth conditions of Na4Si»4 in temperature, pressure and
composition space, as ascertained by a multitude of experiments. Phase competition between other
Na-Si clathrates and kinetics of NasSix4 growth are also considered. Previously, a suspected
epitaxial relationship between DC-Si and Na4Si»4 was hypothesized to provide a synthesis pathway
toward single crystals of Nas4Siz4 by altering precursor materials, which did lead to the growth of
large single crystals (size >100 um) of NasSi»4 > In this work we show evidence of epitaxy by
direct observation of the interfacing phases with HRTEM. Having achieved this synthetic
milestone, we explore some intrinsic properties of the phase, such as electronic properties and Na*

ion mobility.

EXPERIMENTAL METHODS

Experimental synthesis



Synthesis was conducted between 8.0(5)-10.5(5) GPa and 773 — 1,273 K at the Geophysical
Laboratory in a Walker-type multianvil press.*>*! Calibration and device details have been
described by Bertka and Fei.** 25.4-mm Toshiba F-grade tungsten carbide (WC) anvils with 8-
mm truncated edge length (TEL) were used to press the central CroO3-dopped MgO octahedron
with 14-mm edge length per side (14/8 design).*® The anvils were separated and supported by
pyrophyllite gaskets around the truncated corners. A ZrO: sleeve and graphite heater were
centered within a cylindrical hole through the octahedron. MgO filler pieces packed the remaining
space above and below the sample capsule within the central hole. Type C thermocouple wires
(W5%Re—W26%Re ) of 254 um thickness were clad in 4-hole Al,O3 housing and inserted axially
through an MgO sleeve to monitor temperature (See Supporting Information for schematics).

All experiments were performed via direct transformation of elemental silicon and sodium
prepared under an inert argon environment (<0.5 ppm H>O and O). Powdered DC-Si (Alfa Aesar
99.999%) was ground with Na (Alfa-Aesar, 99.95%), in a molar Na:Si ratio ranging between
1:6.12 and 1:3.33 using an agate mortar. Special care was taken to ensure homogeneous mixing,
which generally required 1 hour by hand. CAUTION: Na is reactive and should only be handled
under an inert atmosphere. The homogeneous mixture was packed into a hexagonal boron
nitride (4-BN) capsule (~15 mg per run), sealed with a #-BN lid, then placed into the multianvil
assembly. In some experiments, large pieces of single-crystalline DC-Si (intrinsic purity, float
zone, p>2x10* Q-cm, University Wafer) was mixed with pieces of Na metal and packed into the
h-BN capsule.®® A series of experiments with varying pressure, P, temperature, 7, and composition
were performed in order to optimize synthesis conditions to produce Na4Sio4. After recovery to
ambient conditions, samples were carefully removed from the multianvil assembly and 4#-BN

capsule and washed with water / ethanol.



E-beam (SEM, FIB, TEM, SAED) characterization

Initial e-beam characterization was conducted at the Geophysical Laboratory using a JEOL JSM-
6500F scanning electron microscope (SEM). Electron backscatter diffraction (EBSD) patterns
were collected using the Oxford Nordlys Nano EBSD camera. The samples were tilted with
surface normal being 70° to the incident electron beam, with the detector angle at 90°. Energy-
dispersive X-ray spectroscopy (EDXS) measurements were performed with an Oxford Instruments
X-max detector (80 mm?). Samples were plasma-coated with Ir (approximately 10 A) to facilitate

4 was used for

electrical conductivity during EDXS and EBSD measurements. Aztec software
EBSD pattern recognition and EDXS data analysis.

The NasSi4/DC-Si interface was further investigated using high-resolution transmission
electron microscopy (HRTEM) at Penn. State. Samples were prepared by focused ion beam (FIB)
milling on an FEI Helios NanoLab 660 equipped with EDXS and EBSD. EDXS and EBSD
mapping were employed to locate the interface between NasSirg and DC-Si. A sample
perpendicular to the interface was rough-milled with the FIB and extracted, which measured
approximately 2 pm x 12.5 pm x 10 pm. This sample was attached to a TEM grid and thinned for
high-resolution TEM using an ultimate FIB beam energy of 2 kV. High-resolution imaging and
STEM-EDXS were performed on a FEI Titan® G2 S/TEM equipped with aberration correction and

operated at 80 kV.

HAADF-STEM images were filtered with a band-pass Fourier-filter 3.34 1/nm - 14.826 1/nm.

XRD



Powder X-ray diffraction (XRD) patterns were collected on recovered multianvil samples and

used as the primary tool to assess the phase composition. Data were collected using a Bruker D8
Discover diffractometer equipped with a Cu Ko (A=1.5406 A) microfocus source and Vantec500

area detector. Phase identification and phase fraction refinements were performed using the Jade*
software.

Single-crystal X-ray diffraction data on NasSix4 were collected at 100 K with the use of a Bruker
APEX3 diffractometer equipped with graphite-monochromatized Mo K, (4 = 0.71073 A)
radiation. The crystal-to-detector distance was 60 mm; the exposure time was 10 s/frame.
Collection of intensity data and cell refinement were performed using the program APEX3 as a
series of 0.5° scans in # and ».*® Data reduction was performed using APEX3.* Face-indexed
absorption, incident beam, and decay corrections were performed with the program SADABS.*
The structure was solved and refined with the use of the SHELX-14 suite of programs.*** Atom
positions were standardized using the program STRUCTURE TIDY.>%! Crystallographic images
were made using the program CrystalMaker.’? Further details are given in Table 1.

In situ XRD was conducted during synthesis with a 1:6 Na:Si ratio of the elements at 8.0(5) GPa,
as determined by the silicon equation of state (EoS), heated at a rate of 0.2K/s. Data were collected
at beamline ID06 of the ESRF using a wavelength corresponding to 33 keV, which was selected
from the emission of a UI8 cryogenic undulator with a DC-Si (///) double-crystal
monochromator. The beam was collimated to an area of 1mm?. Pressures were generated and

regulated using the 20MN Voggenreiter cubic press LPO 2000-1000/20 for triaxial loading.

Electrical properties



For electronic property measurements, samples were potted in epoxies® 50-3122 thermally
conductive and electrically insulating epoxy. Electronic property measurements on NasSixs were
made with two different geometries using a Quantum Design 9T Physical Properties Measurement
System (PPMS) with a Keithley 2450 source/ measurement unit. Drive currents of 10 nA were
applied for sample resistances above 100 Q, and 100 mA for sample resistances below 100 Q.

In the first geometry, a NasSix4 crystal of approximate size 100 pum x 100 um X% 20 pm with
unknown orientation was used. The flat and thin crystal with large parallel surfaces was placed in
PPMS-type diamond anvil cell with 400 pm anvils. Gold electrodes were sputtered on the diamond
anvils and the crystal was lightly squeezed between the anvils with ~2 pum indium sheets contacting
the crystal and the anvils on each side. Resistance was measured as a function of temperature from
300 K to 2 K at a rate of 1-3 K/min in this two-probe orientation.

In the second geometry, a potted NasSi4 single crystal of approximate size 180 um x 160 um %
30 um was polished and orientation determined by EBSD (see Supporting Information). The
conductive Ir layer used during EBSD was removed before electrical measurement. Electrical
leads (20 um gold wire) were bonded directly to the polished surface of the crystal. A “spot
welding” technique was used to improve the contacts by applying a voltage in the range of 10-
100V across the two leads and limiting current to 0.01 A maximum. The pulse width for each “spot
weld” was approximately 1.67 ms. Current vs. voltage was measured in this geometry, with only

two of the four surface probes used per measurement.

RESULTS AND DISCUSSION

Experimental synthesis



Initial NasSiz4 synthesis efforts started with powdered DC-Si and metallic Na in a homogeneous
mixture. The Na-Si phase diagram contains at least four compounds (Na4Sis, sI: NagSiss, sIL:
Naz4Si136 and NasSizg), three of which exist in a composition range spanning ANa < 1 mol%. sl
and slI typically exist at lower pressures and can be differentiated by temperature, while NasSiz4
is observed above ~8.0 GPa.?*** Very small changes in composition can shift the phase equilibria
and recent results indicate multiple Na occupancy within the clathrate cages of sll, further
complicating the phase behavior.”* Therefore, the target phase of NasSiz4 exists within a fairly
narrow P,T,x region to be optimized experimentally. The results of experiments conducted
between 8.0 — 10.5 GPa and 773 — 1873 K with 0.14 < xna < 0.23 are summarized here with
additional details provided in the Supporting Information.

With Na:Si ratios greater than 1:6 at pressures between 9.0-10.5 GPa, slI clathrate is the
dominant phase in recovered multianvil experiments. sII clathrate likely melts congruently above
the DC-Si melting temperature, although the pure compound may exhibit pressure-dependent non-
stoichiometry. The small cages of slI clathrate can accommodate one Na atom and up to two Na
atoms may reside within the large cages.®* NaxsSii3¢ through NasosSiizs have been observed,
showing that in synthesis Na:Si ratio spans 1: 4.46 - 1:5.67. At xna = 0.23, it is relatively easy to
grow single crystals of sII clathrate by cooling from the melt, e.g., from 1170 K at 9.0 GPa.
Conversion to slI is always near 100% when enough Na is present to satisfy the compositional
requirements of the structure type, and slI is also observed when the bulk Na composition is in
excess of Na4Siz4. In order to synthesize NasSiz4 and avoid sll, the bulk composition should be less
than or equal to one sodium per six silicon atoms.

The optimum synthesis pressure of NasSiz4 was established by conducting variable pressure runs

at fixed temperature and composition. Samples with a Na:Si ratio of 1:6 were compressed to 8.0,
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9.0, 10.0, and 10.5 GPa, and heated near 1073 K. Previous studies indicate that a pressure near 8.0
GPa is required to form NasSi»4.>>** We confirm this result here, but also observed the formation
of sI and slI clathrates in some runs, likely because of the extremely close compositions (e.g., xNa
= 0.143 vs. 0.148). Higher pressures are therefore preferred to increase the phase fraction of
NasSi24, which is more energetically favorable than the clathrates at higher pressure. Because no
significant difference in yield was found at 9.0, 10.0, and 10.5 GPa; 9.0 GPa was used in
subsequent runs to help prolong the lifetime of the WC anvils.

At 9.0 GPa and a bulk Na:Si composition of 1:6, the phase fraction of NasSi4 was found to be
strongly dependent on synthesis temperature between 773 -1173 K. The recovered phase fraction
of microcrystalline NasSiz4 increased with temperature to nearly 100% at 1123 K, with DC-Si as
the only other phase observed (Figure 1A), and the recovered phase fraction was relatively
insensitive to dwell times between 0.5-16 hours at the target temperature. When the temperature
was increased to 1173 K, only crystalline DC-Si was recovered with no observation of NasSio4.
These observations indicate a thermally activated kinetic process in which the elements are
converted to NasSiz4 up to the melting temperature. We recall that the melting curve of DC-Si has
negative pressure dependence, indicating system preference for the higher density of the melt
compared to the solid.”>7 Unlike sII clathrate which forms readily from the melt, full melting is
detrimental to NasSi24 synthesis. This fact indicates that Na4Siz4 melts incongruently and exhibits
peritectic-type phase behavior. It is not optimal to synthesize single crystals from melt in the
mutianvil apparatus when the liquid-solid coexisting region is limited in such a small field. Single
crystal growth for incongruent systems is already challenging at ambient pressure.’ !

Given the challenges associated with crystal growth, several approaches were examined in order

to produce larger grains including long conversion times and variable cooling rates. Runs with

10



dwell times of several hours at the targeted temperature combined with a slow cooling rate (0.3-
0.5 K/min) led to the first spotty Debye-Scherer rings in XRD patterns of the recovered sample
with 300 pm collimator, indicating some crystal content near this size scale (within a factor of 10
as a rough estimate). In an effort to mobilize the least stable atoms at grain boundaries without
inducing thermal decomposition of NasSiz4, short thermal cycles (AT~200 K, ¢ ~ 30s) near the
melting point (T~1,050 K, Tm~1,150 K ) were used*® to encourage grain growth with significant
improvement to overall grain size (Figure1B). This technique may be helpful for other synthesis

attempts where phase stability is narrow and melting is incongruent.

Figure 1. A) Typical multicrystalline synthesis result from powdered DC-Si + Na starting material

at 9.0 GPa and 1123 K. Randomly oriented grains yield nearly uniform Debye-Scherer rings in
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the 2D-XRD image using a 300 pm diameter incident beam. SEM and EDXS analysis indicate
average grain sizes near 5-10 um with a chemically homogeneous mixture of Na4Siz4 and DC-Si
impurity phase (~15 wt%). B) Large grains of NasSiz4 within a DC-Si matrix. Grain growth was
achieved using the powdered DC-Si + Na starting material and by applying temperature cycles
near the melting point at 9.0 GPa. The coarse grain structure gives incomplete powder averaging
in the Debye-Scherer rings with a 300 pm diameter incident beam, even while the sample
undergoes 360° rotation. C) Large single crystals of NasSio4 achieved from single-crystalline DC-
Si starting material with pieces of Na at 9.0 GPa and 1123 K. Structure of NasSiz4 as refined

through single-crystal XRD is viewed along the [/00] direction.

When starting from powdered DC-Si, the largest grains obtained were achieved with a Na:Si
ratio of 1:6 at 9.0 GPa with short thermal cycles breaching the melting point at 1123 + 20 K. This
procedure yields multicrystalline NasSi24 samples with individual grains nearing 200 um and DC-
Si impurities between individual crystals (Figure 1B). To obtain larger single crystals of NasSioa,
a different synthesis technique was developed based on microanalysis observations.
Microstructural and compositional analysis of the NasSio4 interface with DC-Si has suggested
possible coherency between the phases by lack of a faceted interface at the grain boundary.’
Interface coherency could allow for the synthesis of larger crystals of NasSixs through direct
nucleation and growth on a favorable DC-Si surface. To test this method, large crystals of DC-Si
were used with pieces of Na, thus defining a new approach for the precursor material, as opposed
to homogenous powders.

Experiments utilizing single crystalline DC-Si were performed at 9.0 GPa and 1123 K with Na:Si

ratios ranging from 1:4 to 1:7. Recovered samples typically contained two or three phases
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depending on the bulk composition: DC-Si, sl and NasSiz4. sl was observed when the Na:Si ratio
was far above 1:6 and typically multicrystalline, while DC-Si and Na4Si>4 were most often found
in agglomerates of large single crystals. Agglomerates of single crystals on the order of 1 mm
were obtained by experiments covering the range of 1:5.448 to 1:5.762 Na:Si ratio. Other
experiments with Si and Na ratios estimated by eye yielded single crystals of NasSi»4 also, though
without recording initial composition (see Supporting Information for composition information
where starting materials were measured). In the recovered agglomerates, freestanding crystals of
NasSiz4 with dimensions greater than 100 pm were obtained and potted for subsequent analysis;
some crystals are greater than 500 pum in maximum dimension (Figure 1C).

In situ X-ray Diffraction
In situ synthesis with a 1:6 Na:Si ratio of the element at 8.0 GPa was studied by XRD. The

heating rate was 0.2 K/s to capture the growth of NasSiz4 in detail, although this is roughly 8.5
times lower than the typical heating rate for the ex situ synthesis experiments reported in this work
(1.7 K/s). 8.0 GPais also a lower pressure than most of our experiments as reported here, with 9.0
GPa being the most targeted synthesis pressure.

Na melts readily (~600(50) K, Figure 2A) to be dispersed throughout the system. One possible
interpretation of the growth sequence is as follows. While DC-Si persists, the available system
composition for reaction is rich in Na as compared to the ideal 1:6 Na:Si ratio for synthesis of
NasSiz. Since the sII clathrate cages can host multiple Na atoms (NaxSiise , 24 < x < 30.5),>* this
phase is preferred until the excess DC-Si is converted (T~800-1100 K, Figure 2A). Once the Na:Si
ratio of 1:6 has been obtained through decomposition of DC-Si, sII gives way to NasSizs.
(T~1100(100) K and above, Figure 2A). However, samples recovered from typical experiments

with higher heating rate contain unreacted Na or Na4Si4 (samples visibly react with the moisture
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in air), and only DC-Si and NasSiz4 recovered phases. This observation suggests that sII may not
be a required intermediate phase for NasSiz4 formation and that NasSiz4 may grow directly from
DC-Si and Na.

In situ experiments reveal that NasSiys, slI, and DC-Si coexist within a window of time and
temperature (Figure 2B-C). Increased temperature (below NasSio4 melt) and time favor NasSizs
formation. With the slow heating rate used for this in situ study, the system spent an extended
time in the slI stability field before entering that of NasSix4. It is possible that the slI stability field
is avoided by fast heating, leading to the absence of slI in recovered samples (see Supporting

Information for recovered phase fraction as a function of heating time).
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Figure 2. A) XRD file series (background subtracted) of in situ MA synthesis at 8.0 GPa.
Reactants of elemental Na & Si mixed at 1:6 ratio were heated at a rate of 0.2 K/s. B) File series
(every 7.8 K between 1070 and 1150 K)) which show the depletion of DC-Si and sII and the growth
of NasSiz4. C) Intensity evolution of three competing phases. D) Volume for approximately 4Na
& 24Si atoms in the present phases. For NasSio4 this is the unit cell volume. For slI this is an

estimate made by dividing the unit cell volume by 5.667 to give Na,Siz4 (4.24 <y < 5.38).

Normalized cell volumes of sII and NasSiz4 have been plotted by increasing temperature and
time (Figure 2D). This is a rough comparison between the NasSi24 unit cell and a fractional volume
of Na,Sii36 (24 < x < 30.5)** after dividing by 5.667 to give Na,Siz (4.24 <y < 5.38). The sII
normalized volume is always higher than that of NasSi24. Throughout the experiment, high
pressure should favor NasSiz4 if ignoring all other energy incentives. However, an energy incentive
for conversion is observed to begin near 1075 K as sII normalized volume increases by 5 A®to 532
A3. Within this range, NasSi> unit volume remains nearly constant, stabilizing near 480 A® at
higher temperature (see Supporting Information for NasSiz4 lattice parameter information). One
may consider the slI structure (NaxSii36, 24 <x <30.5) swelling to uptake excess Na. The observed
volume change (~1%) is roughly double the measured ex situ volume increase>* of 0.55% for the
unit cell of Na3o.5S1136.

This seems a natural result of having a system slightly rich in Na: the sII structure is stabilized
by incorporating excess Na once Si is completely reacted. Recovered phase fraction of NasSio4
accounted for 20% to 99%, with the remainder as DC-Si in the majority of our ex sifu experiments
(see Supporting Information for recovered phase fraction as a function of temperature and heating
time). Despite the unreacted Na, sl did not form as an intermediary, and again we attribute this

to avoiding the slI stability field by rapid heating.
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In situ observations demonstrate the importance of kinetics to Nas4Siz4 growth. The phase
competition, which exists within narrow composition, pressure, and temperature coordinates, may

favor the first phase to nucleate rather than the most stable phase in the system.

Single Crystal X-ray Diffraction

The synthesis of large, free-standing single crystals of NasSio4 (Figure 1C) has enabled the first
single-crystal structure refinement. Single-crystal X-ray diffraction (SXRD) results indicate high
crystal quality and support previous refinements based upon powder diffraction measurements,**->*
and selected structural parameters are given in Table 1. The crystal structure of Nas4Siz4is provided
in Figure 1C, showing the three-dimensional sp* silicon framework with channels along the a-axis
occupied by Na. NaySio4 crystallizes with four formula units in the orthorhombic space group
D'Y-Cmem in the EusGasGeis structure type.”® The structure is composed of three
crystallographically independent Si sites (all with site symmetry m..) and one Na site (site
symmetry m2m). Each Si atom in the structure is four-coordinate with bonds to four other Si atoms
in distorted tetrahedral environment (Figure 1C). Each Na atom is coordinated by fourteen nearest
surrounding Si atoms of the framework. The Si—Si distances in NasSiz4 range from 2.362(1) to
2.394(1) A and may be compared to those seen in BaSis which range from 2.400 to 2.469 A at 293

K.2® The Na—Si distances range from 3.187(1) to 3.145(1) A. A complete list of bond distances

is presented in the Supporting Information.

Table 1. Select crystallographic details for NasSi4

Crystal System Orthorhombic
Space Group Cmcm
alA 4.080(1)

16



b/ A 10.572(1)

c/A 12.279(1)
VA3 529.63(4)
Z (NaSie) 4
Density, peale (g/cm?) 2.402
T/K 100 (2)
Absorption Coefficient (mm™) 1.492
Reflections Collected 10,951
Data/Parameters/Restraints 470/23/0
Data Completeness 1.000

Rint 0.0366
R(F) [1>20(D] 0.0231
Ru(Fo2)° 0.0447

data. w! = 6*(F,?) + (0.0118F,%)* for F,> > 0; w™! = 6*(F,?) for F,* <0.

Electronic Properties and Na Mobility

We first attempted to measure the intrinsic electrical conductivity of single-crystalline NasSiz4
using the four-probe method. However, establishing Ohmic contacts proved challenging, as
discussed below. Stable electrical transport measurements with a low contact resistance were
achieved using a small diamond anvil cell for making contacts with light pressure. In this setup,
an unpolished, as-recovered crystal of unknown orientation (100 ym %100 pm % 20 pum) was
slightly pressed between the diamond anvils with a protective layer of indium on each side of the
crystal. R(T) measurements of NasSio4, where R is resistance, were obtained in this configuration
between 300 — 3 K (Figure 3). In previous measurements, an anomalous resistance increase was
observed below 75 K for a polycrystalline pellet. With the single-crystal measurements reported
here, we are able to conclude that NasSiz4 exhibits normal metallic transport behavior, and we
attribute the previous low-temperature anomaly to partial surface Na depletion, with the
semiconducting behavior dominating at low temperature (Na has been observed to leave the

structure spontaneously even at ambient temperature).
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Observations of Na depletion and mobility were made when attempting four-probe conductivity
measurements. A crystal oriented approximately along the [0/0] direction (see SI) was potted in
epoxy and showed resistance above 2 kQ after gold contact wires were bonded, indicating a
significant loss of Na due to sample preparation or elapsed time since synthesis. In an attempt to
improve the conductivity, the application of a current-limited voltage (“spot welding”) in the range
of 10-100 V across two selected wires allowed the resistance to gradually drop below 100 Q. At
the same time, the resistance between the other two wires increased up to 10 MQ. This behavior
was found to be reproducible and independent of the contact pair between which the current was
applied. Hence, in a four-probe wiring the resistance of a selected pair of contacts could be
reproducibly varied by more than five orders of magnitude (Figure 3). This behavior is interpreted
as current-induced sodium mobility where sodium migrates within the single crystal to participate
in electronic conduction. It can be surmised that mobile Na* ions move to fill the channels in a

partially depleted structure to lower electrical resistance.
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Figure 3. Electrical resistance as a function of temperature for Na4Siz4 single crystals. The lowest

resistance (red) curve shows the result from the two-probe diamond cell method and the inset
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shows normal metallic behavior at low temperature. The upper curves show the variation in
resistance for the four-probe method with spot-welding. The resistance changes significantly

between contacts indicating high Na mobility.

Our electronic measurements reflect high Na mobility within large single crystals of NasSi>4 on
the measurement time scale. High Na mobility has been demonstrated previously by keeping a
multicrystalline sample under dynamic vacuum for one week, leading to Na levels below 0.1 at%
for ~5-10 um crystallites.”> High Na mobility is also observed on the nanoscale from electron
energy-loss spectroscopy (EELS) measurements. Figure 4A shows high resolution ADF-STEM
images and two EELS measurements taken seven minutes apart. According to the EELS
measurements, Na-L» 3 edge intensity at 31 eV is dramatically reduced (Figure 4A). ADF-STEM
images along NasSi24 [/00] (Figure 4B) show no observable sodium in the channels, though some
sodium remains in place when a different NasSiz4 particle was viewed along NasSi24 [001] (Figure
4C). The rapid reduction in the sodium EELS edge intensity and the absence of Na in HR-STEM
images indicates that local heating or knock-on damage from the electron beam is sufficient to
induce migration and confirms the rapid Na diffusion through the open channels. Our
multicrystalline samples have also been noted to lose sodium even at ambient temperature when
stored for several months. The high mobility of Na suggests that it should be removable from the

structure on the bulk scale, which is encouraging for the synthesis of bulk Siz4 crystals.
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Figure 4. A) EELS shows dramatic desodiation under the electron beam (80 kV, 0.1 nA ) after 7
minutes by observing the Na-L edge. B) HAADF-STEM and EDS-STEM imaging along Na4Siz4
[100] reveal that high Na mobility in this direction render the Na invisible as it leaves the structure
under the electron beam. C) HAADF-STEM and EDS-STEM imaging along NasSix4 [001] shows
that Na remains in the structure, in contrast to imaging along NasSios [/00]. Scale bars on the

images are 0.5 nm.

Interface Coherency

During microstructural analysis of recovered samples, the interface between NasSiz4 and DC-Si
often exists without a faceted grain boundary (Figure 5A), suggesting the possibility of epitaxial
coherency between these phases.* In order to investigate this interface at the atomic scale,

samples were prepared by FIB milling and examined using HRTEM (Figure 5B).
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Planes with different interplanar spacings (d) may have equivalent atomic distances (Y) at an
interface with the appropriate angle of intersection (). The correct orientation of lattice planes
between different phases can provide the conditions for coherency as in Figure 5C. Analysis of
HRTEM images gives 6 = 27+1°, which is self-consistent with the measured interplanar spacings
for the rows of lattice planes (dsi=3.1£0.1 A, dy, 1Sin,—2-8+0.1 A) approaching the interface in
Figure 5B.

Of the interfacing rows of planes in Figure 5B, the larger measured interplanar spacing (3.1 A,
upper right) is assigned unambiguously to DC-Si{///} because there are no similar interplanar
spacings in this crystal structure. To determine which NasSi»4 planes are responsible for the visual
coherency of Figure 5B, 6 was calculated for all potential Na4Sizs4 planes such that
YNaysin, = dsif111y = Ana,si,,/c0s(8). All planes within 0.25 A of the measured value were
included in the search if they contain atoms (non-zero XRD intensity). Within 8 = 2745° there
were only two contending planes within NasSiz4 that can accommodate the coherency condition

with DC-Si{/11} (Table 2).
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Figure 5. A) EDXS/SEM image of Na4Siz4/ DC-Si interface often shows no facet and suggests a

level of interface coherency. B) HRTEM image of NasSix4/ DC-Si interface, showing angle of
intersection of 27° for coherency between planes of d=3.1(1) A and d=2.8(1) A for upper and
lower regions, respectively. C) Schematic showing coherency obtained through rotation of planes
with different interplanar spacing. D-E) The FFT of each area (colored frame corresponds to
regions in part B) is indexed to reveal that DC-Si{///} and Nas4Si24{/13} planes participate at this
interface. Inverse fast Fourier transform (IFFT) reconstruction highlights the planes responsible
for the encircled FFT contribution. F) Full IFFT reconstruction from the selected FFT

contributions in parts D-E.

NasSi{/13} and DC-Si{/11} planes match the measured d-spacings from Figure 5B, and
atomic spacing (y) is brought into equivalence for these planes at 8 = 27.26° (Table 2). Fast
Fourier Transform (FFT) pattern indexing is shown in Figure 5D-E. The indexed FFT for DC-Si

shows that the forbidden reflections from {020} planes appear as is common when viewed along
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<011> directions because of secondary scattering from {//1} planes.®>  Inverse FFT (IFFT)
image reconstruction with NasSix{//3} and DC-Si{/11} reflections support these being the
interfacing planes (Figure 5D-F). However, the imperfect coherency results in strained lattices,

visible as symmetry distortions in the FFT (Figure 5D-E).

Table 2. Contending planes for coherency as observed in Figure 5B. Planes have d-spacing within
0.25 A of the measured interplanar spacings of DC-Si and NasSi4 (3.1(1) and 2.8(1) A,
respectively). The coherency angle (6) is that required for atomic matching at the interface, and
thus perfect coherency. A6 is the difference between the calculated coherency angle and the

measured interfacing angle of 27(1)° in Figure 5B.

DC-Si NasSiz4

DC-Si . NaySi . Coherency Angle

lanes 1nterplanar lanes 1nterplanar o) A6
p d-spacing (A) p d-spacing (A)
{111} 3.136 {113} 2.787 27.26 0.26
{111} 3.136 {130} 2.667 31.73 4.73

The observations of a coherent interface between NasSiz4 and DC-Si can explain how large
single crystals of NasSix4 were achieved by starting with large single crystals of DC-Si.
Furthermore, the coherency between this set of planes is suggestive of epitaxial growth
opportunities. If successful, epitaxial growth of Nas4Siz4 could lead to scalable quantities of both
this phase and Sis,

The ultimate utility of NasSiz4 and Siz4 will be realized if thin film growth can be achieved.
Several metastable materials can be grown on appropriate substrates to seed and support uniform
growth. Synthetic diamond is a burgeoning industry and indicates the synthesis opportunities

available within reach of modified chemical vapor deposition (CVD) techniques, including plasma
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enhanced (PE) dissociation of precursors.®*% Recently, a tetragonal form of Si with interstitial
hydrogen has been shown capable of epitaxial growth on heavily Boron-doped DC-Si (/00)
substrate at modest temperature and pressure (7 < 623 K, P < 400 Pa) by PECVD.® Shells of
hexagonal diamond silicon (HD-Si) have been grown epitaxially on hexagonal GaP nanowires at
1173 K.!° These examples show promise for growing supported films of other metastable forms

of Si, and even templating the silicon lattice with atoms of various size and chemical effects.

CONCLUSION

Many experiments have been conducted with powdered DC-Si mixed with Na to establish that
Na:Si ratio of 1:6, pressure of 9.0 GPa and temperature near ~1123 K, and rapid heating rate (1.7
K/s) were found to be optimum synthesis conditions for the NasSi»4 phase.

An alternate synthesis approach has been used for growth of large single crystals of NasSix:
large pieces of DC-Si and pieces of elemental Na are used as the starting materials. This novel
synthesis approach can yield grain sizes of 500 um and more,* with agglomerates of phase-pure
single crystals of NasSio4 on the order of Imm. This work shows that single crystals at 100 pm
can be isolated and measured.

Rapid Na mobility has been observed on the nm scale (Figure 4A-B). Na mobility has been
previously demonstrated on the ~5 pm scale by effectively leaving the structure under dynamic
vacuum for 1 week.?? Our electronic measurements show that Na remains mobile on bulk size
scales. These observations suggest that Na should be removable from the structure on the bulk
scale, which is again encouraging for the prospect of using Six4 in bulk for photovoltaic

applications, among others.
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Interface coherency observed between NasSix4{//3} and DC-Si{//I} planes suggests that
NaySiog may be grown epitaxial to DC-Si. Understanding that coherency exists between planes of
DC-Si and NasSiz4 will help to provide critical substrate preparation for thin film growth pursuits
of this material. If successful, such efforts would be the key to industrial scale synthesis, justifying

future efforts in this direction.
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ABBREVIATIONS

DC-Si, diamond cubic silicon;

EBSD, electron backscatter diffraction
EDXS, energy dispersive X-ray spectroscopy
FFT, fast Fourier transform

HAADF, high angle annular dark field

IFFT, inverse fast Fourier transform

PXRD, powder X-ray diffraction

SAED, selected area electron diffraction
SEM, scanning electron microscopy

STEM, scanning transmission electron microscopy
SXRD, single crystal X-ray diffraction

TEM, transmission electron microscopy
XRD, X-ray diffraction

(hkl) crystal plane

{hkl} crystal plane family

[uvw] crystal direction

<uvw> crystal direction family
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Pressure, temperature, and initial materials have been optimized for growth of NasSiz4, yielding
large single crystals. This is the precursor to Siz4, a metastable form of silicon with a quasi-direct
band gap at 1.3 eV with potential to revolutionize optoelectronics. We show possible epitaxy with

traditional silicon, and high Na mobility foretells easy Na removal for bulk conversion to Siz.
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