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Abstract

The dearth of suitable materials significantly restricts the practical development of infrared (IR)
laser systems with highly efficient and broadband tuning. AgGaQ> (Q = S, Se) and ZnGeP; are
used; however, they present certain limitations. Recently, y-NaAsSe> has been reported, and it
exhibits a large nonlinear second-harmonic generation (SHG) coefficient of 590 pm V! at 2 um.
However, the crystal growth of y-NaAsSe; is challenging because it undergoes a phase transition
to centrosymmetric 6-NaAsSe,. Herein, we report the suppression of the phase transition and
stabilization of non-centrosymmetric y-NaAsSe> by doping the As site with Sb, which results in y-
NaAso.9sSbo.osSe2. The congruent melting behavior of y-NaAsoosSboosSez is confirmed by

differential thermal analysis at a melting point of 450 °C and crystallization temperature of 415

°C. Single crystals with dimensions of (3 mm x 2 mm) were successfully obtained via zone

refining and the Bridgman method. The purification of the material plays a significant role in
crystal growth and results in a bandgap of 1.78 eV. The thermal conductivity of vy-
NaAso.05Sbo.osSez exhibits a low value of 0.78 W m™ K! at room temperature, which is lower than
that of the three commercially used IR materials. The single-crystal SHG coefficient of -
NaAso.95Sbo.osSez exhibits an enormous value of |d11] = 648 + 74 pm V!, which is comparable to
that of y-NaAsSe, and approximately 20 times larger than that of AgGaSe,. The bandgap of -
NaAso.95Sbo.osSez (1.78 eV) is similar to that of AgGaSe», thus rendering it highly attractive as a

high-performing nonlinear optical material.
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1. Introduction

Infrared (IR) high-performing nonlinear optical (NLO) materials are essential for various
applications, such as environmental monitoring and imaging devices.['! Unlike oxides,
chalcogenides and phosphides function well in the 2—20 um range as they are optically transparent
in this region.[z]’ (3] Currently, only three materials, AgGaS,, AgGaSe, and ZnGeP,, are used
commercially for applications in the 2-20 um range.'*! Reviews by Liang et al.’], Li et al.l® and
Chung et al.[’! highlighted numerous chalcogenides, most of which were characterized by powder
second-harmonic generation (SHG) measurements. Powder SHG measurements are useful for
initial testing to obtain the average SHG response of the material and provide a valuable guide for
large crystal growth.[® Luo et al. highlighted the recent progress and challenges in the growth of
promising single-crystal chalcogenides, such as BaGasSe; and LixInoGeSes.”) We recently
reported that the single-crystal y-NaAsSe» exhibit an SHG coefficient of d1; = 590 + 51 pm V!,
measured at wavelengths above 2 pm.''”! However, y-NaAsSe, undergoes a polymorphic phase
transition to centrosymmetric (CS) d-NaAsSe; near its melting point, complicating its crystal
growth [10-11]

Wu et al. discussed non-centrosymmetric (NCS) chalcogenides undergoing polymorphic
transitions, wherein the NCS structure transitions to an NCS polymorph or CS polymorphs;!?!
they reported that all phase transitions hinder the crystal growth process and significantly affect
the quality of crystals. As summarized in Table 1, y-NaAsSe> ( di1 = 590 = 51 pm V7, ie.,
approximately 18 times larger than AgGaSe,)!'% is a high-performing chalcogenide NLO material
in the IR region. The bandgap of y-NaAsSe> (1.87 eV) is comparable to that of AgGaSe», and it
has a much lower melting point (450 °C) than that of AgGaSe: (950 °C). The high SHG coefficient
value, relatively wide bandgap, and low melting and crystallization temperatures render 7y-
NaAsSe> highly attractive as an NLO material. We attempted to stabilize the y-phase by cation
substitution with Li and K without success. Lip2NaogAsSe, undergoes a phase transition to the 6-
phase,'!) whereas Nag2KosAsSe, melts congruently but shows a significantly low SHG response
(approximately 0.8 times larger than that of AgGaSe).'3! Attempts to stabilize the y-phase by

substituting Na with Ag or Se with S and Te were also unsuccessful. In a recent review the role of

chemical substitution in other NC chalcogenide systems has been highlighted.['*



Recently, we reported the stabilization of NCS B-LiAsSe; by substituting Se with S, which resulted
in the suppression of the phase transition of LiAsSei75S025.'” In this study, we successfully
stabilized the desired y-phase by substituting 5 % of As with Sb. Successful crystal growth using
the Bridgman method was achieved after purification via zone refining, thus resulting in better
quality crystals. The SHG coefficient of this material was 648 + 71 pm V!, the highest value

among semiconductors with a bandgap greater than 1.5 eV.

2. Experimental Details

Synthesis and characterization of y-NaAso.95Sbo.osSe2

Reagents: All manipulations were performed in a glove box in a dry nitrogen atmosphere.
Commercially available sodium (Na, Sigma-Aldrich, 99.5 %, 2N), arsenic (As, Alfa Aesar, 99.999
%, SN), antimony (Sb, Alfa Aesar, 99.999 %, 5N), and selenium (Se, American Elements, 99.999
%, 5N) were used without further purification. Na;Se was prepared via a modified procedure
previously reported in the literature by reacting sodium and selenium in liquid ammonia.!¢!
Warning: Elemental arsenic is highly toxic and must always be weighed in a glove box in an inert
atmosphere, and precautions must be taken when preparing these samples.

Synthesis of polycrystalline y-NaAso.958bo.o5Se2: First, 5 g of y-NaAso.95Sbo.osSex was synthesized
by combining 1.2098 g Na>Se (9.68 mmol), 1.378 g As (18.39 mmol), 0.117 g Sb (0.960 mmol),
and 2.293 g Se (29.04 mmol) Se. This mixture was thoroughly ground in the glove box and loaded

in a separate carbon-coated fused-silica tube (outer diameter (OD): 13 mm). Carbon-coated fused-

silica tubes were used to prevent the reaction of the tube with the alkali metal. Subsequently, the

tube was flame-sealed under vacuum (approximately 3 x 10~ mbar) and inserted into a single-

zone programmable vertical tube furnace. For the reaction to proceed, the temperature
programming of the furnace was as follows. The temperature increased to 610 °C over 10 h,
annealed for 36 h, and cooled to 300 °C over 48 h, at which point the furnace was turned off. Grey-
colored ingots were obtained after the reaction and produced a red-colored powder upon grinding.
Figure la shows the powder X-ray diffraction (PXRD) patterns, which confirm the phase and
phase purity of the synthesized compound. The composition was confirmed using scanning
electron microscopy-energy dispersive X-ray (SEM-EDX) analysis. The SEM-EDX results reveal
a uniform composition of NaAso.92Sbo.10Se> (Figure Sla), averaged over 15 spots on a single

crystal, as shown in Figure S1b. The single-crystal refinement data for y-NaAso.95Sbo.osSex is
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presented in Table S1, the atomic coordinates in Table S2, anisotropic atomic displacement values
in Table S3, and selected bond lengths in Table S4.

Bridgman crystal growth method for y-NaAso.958Sbo.osSez: First, 20 g of the as-synthesized ingot
was passed through a zone refining system with eight passes. Subsequently, the ends of the
resulting ingot (Figure S2) were removed, and it was transferred into a carbon-coated conical-

tipped fused-silica tube (inner diameter (ID): 10 mm; OD: 13 mm) and flame-sealed under vacuum
(approximately 3 x 107 mbar). The sealed ampoule was placed inside a vertical two-zone

Bridgman furnace to grow a large single crystal of y-NaAso.95sSbo.osSe. First, the ampoule was
kept in the upper hot zone of the Bridgman furnace at 610 °C for 12 h to ensure the thorough
melting of the ingot. Subsequently, the ampoule was translated from the upper hot zone to the
lower cold zone (350 °C) at a rate of 1 mm h'!. After crystallization was complete, the ampoule
was held inside the cold zone (350 °C) for 60 h and finally dropped to room temperature at 10 mm
hl.

Thermal conductivity measurements: The y-NaAso.osSbo.osSez crystals were crushed and ground
into a fine powder, and sintered in a spark plasma sintering (SPS) apparatus at 523 K under a
pressure of 40 MPa in vacuum for 5 min to obtain a dense bulk sample (j = 12.7 x 6.5 mm, density
=3.9033 g cm™). The sintered sample was cut and polished into two 6 x 6 x 1.5 mm pieces for
thermal diffusivity measurement. One of the two pieces was perpendicular to the SPS pressing
direction, whereas the other was in the parallel direction. Thermal conductivity was calculated
using the thermal diffusivity (D), heat capacity (Cp), and sample density (r) according to the
relationship & = DCpr. Thermal diffusivity was measured in an Ar atmosphere using the laser flash
method (LFA 457; NETZSCH). The heat capacity (0.3858 J g! K'!) was calculated using the
Dulong—Petit law, and the sample density was determined by measuring the mass and dimensions
of the sample.

Spectroscopic ellipsometry: Spectroscopic ellipsometry was performed using a Woollam M-
2000F focused beam spectroscopic ellipsometer. The measurements were performed on three
crystal orientations: a) [001]// lab Z, [010]// lab X, b) [001] // lab Z, [010] // 1ab Y, and c) [010]//
lab Z, [001]//1ab X. The three sets of ellipsometry data were simultaneously fitted to Tauc—Lorentz
oscillator model, each of which included an amplitude (Am), full width at half-maximum (FWHM,
Bm), energy center (Eom), and Tauc gap (Egm), as listed in Table S5.



SHG measurements: SHG experiments were performed using a fundamental laser beam generated
using an optical parametric amplification (OPA) system pumped by the Ti: sapphire laser system
(Spectra-Physics, OPA-800C) with an operating wavelength of 3 um, repetition rate of 1 kHz, and
pulse width of 100 fs. The beam was linearly polarized, and its polarization direction () was
rotated by 360° using a half-wave plate. The second-harmonic beam generated was separated from
the fundamental beam using a dichroic mirror, decomposed into p- and s-polarized components,
and collected by a photomultiplier tube (PMT) detector. A wedged X-cut LiNbOs3 crystal (MTI

Corporation) was used as the reference to obtain the absolute SHG coefficient.

3. Result and Discussion

v-NaAso.95Sbo.osSex was synthesized by combining Na>Se or Na, As, Sb, or Se at 550 °C, which
crystallized in the monoclinic polar space group, Pc. The parent compound NaAsSe> crystallized
in two polymorphs: NCS y-NaAsSe», which was obtained by cooling at 10 °C h™!, and 5-NaAsSe,
which was formed by flame melting followed by water quenching or remelting of y-NaAsSez. In
a previous study, we reported the crystal growth of y-NaAsSe> using the Bridgman method, with
a slow translational speed of 0.5 mm h!.l'% However, large, high-quality single crystals could not
be obtained because of the phase transition of y-NaAsSe: to 6-NaAsSe: near the melting point (450
°C).

The y-NaAsSe; structure had four Na, four As, and eight Se crystallographic sites. Previous
investigations on alkali cation substitution of the Na ion site with Li ions revealed that
Lio2NagsAsSex!'! could be converted from the y- to the 8- phase, whereas Nag2KosAsSes!!!
crystallizes only in the d-phase with CS configuration. The type of phase obtained for various
substitutions is summarized in Table 2. Only NaAso.o9sSboosSes, LioosNaoosAsSer, and
Nao.osAgoosAsSe, were formed in the y-NaAsSe> phase. The details of the synthesis of all
compounds are available in the supporting information (SI). The comparison of PXRD patterns of
0-NaAsSe; with those of Nag.9sKo.osAsSez, NaAsSe1.95S0.0s, and NaAsSei.9sTeop0s are shown in
Figure S3, and the comparison of NaAso.9sSbo.osSe2 with the NCS phase is shown in Figure 1a.
Figure 1b shows a comparsion pXRD pattern for y-NaAsSe> confirming that Sb substitution retains
the noncentrosymmetric phase.

Differential thermal analysis (DTA) on y- Lig.osNao.9sAsSex (Figure S4b) and y-Nao 9sAgo.osAsSex
(Figure S4d) showed that after melting and solidifying the materials showed a powder pattern



matching 0-NaAsSe, (Figures S4a and S4c). However, substituting the As sites with Sb in y-
NaAso.95Sbo.osSez suppressed its transition to 6-NaAsSe>. Figure 1¢ shows that the melting point
(Tm) of y-NaAso.905Sbo.osSe> was observed to be 450 °C and the crystallization temperature (T¢) to
be 415 °C, which is similar to that of y-NaAsSe> (Tm = 444 °C and T, = 413 °C).[1% 1] The PXRD
pattern of y-NaAso.95Sbo.osSex before and after DTA was similar, as shown in Figure 1d. The
regrinding and melting of the as-synthesized y-NaAso.95Sbo.osSe2 in a tube furnace followed by
cooling, also confirmed the retention of the NCS y-phase (Figure S5).

The PXRD data indicate that the y-NaAso.95Sbo.osSe2 powder was stable for at least 3 days (Figure
S6a) after which surface degradation was observed, whereas the y-NaAsSe> powder was typically
stable in the air for less than a day (Figure S6b). The stability of y-NaAso.95Sbo.osSe2 in the air is
essential for crystal processing and polishing. However, both samples were sensitive to a drop of
water, and their solutions immediately turned black. The residue obtained after distillation was
confirmed to be Se, indicating that special care should be taken during polishing the single crystals.
Polishing of y-NaAso.95Sbo.osSe> was successful only using mineral oil and the surface did not
degrade when left in air for a day.

Single-crystal diffraction analysis of NaAso.9sSbo.osSez crystal confirmed that it crystallized in the
v-NaAsSe; structure. The key feature of the y-NaAsSe; structure is the one-dimensional (1D)
1/.[AsQ2] chains comprising corner-sharing pyramidal AsQs units. The crystal packing of these

11 13] Details of the crystal structure of the -

chains depends on the atomic radii of alkali metals.!
NaAsSe> can be found in previous studies.['® ' 13] Figure 2 shows the 1D !/.,[AsQ:7] chains,
highlighting the differences between 7y-NaAsoosSboosSex and y-NaAsSe.. Evidently, v-
NaAso.95Sbo.osSez exhibited two different As sites, one with 100 % As occupancy and the other
with As/Sb (M) mixed occupancy, which resulted in slightly different bond lengths. Table 3 lists
the terminal (As—Set) and bridging (As—Sep) bond lengths in y-NaAsSe>, 9-NaAsSez, and y-
NaAso.05SboosSea. As highlighted in Table 3, the As—Seb bond length in y-NaAsSe, (2.51 A) was
greater than that in 8-NaAsSe, (2.47 A). Comparatively, the M—Se bond length in y-
NaAso.95SboosSe2 was 2.55 A, which indicates that the mixing of Sb in the As site retained the
chain conformation by reducing the strain on the M—Se bond. The addition of Sb gives the 1D
1/.[AsQ27] chains more flexibility in comparison to y-NaAsSe, where, the chains are rigid and

more strained. The increase in M—Se bond length due to the As/Sb site mixing increased the

interchain distances along the c-axis from those ranging 3.59 A; 3.63 A in y-NaAsSe» to 3.63 A;



3.67 A in y-NaAs9sSbo.osSez, as shown in Figure 2. Figure S7 highlights the As—Se bond length
comparison among y-NaAsSe;, 6-NaAsSe>, y-NaAso.osSbo.osSer, and Nag2KogAsSez, thereby
confirming that compounds 3-NaAsSe> and Na2KosAsSe2, which do not undergo a phase

transition, have similar As—Se bond length.

Coefficient of thermal expansion and thermal conductivity of y-NaAso.95Sbo.osSe2

Variable-temperature powder refinements (Figure S8 a-f) were performed to obtain the thermal
expansion coefficient and gain insights into the thermal conductivity and expansion behavior of y-
NaAso.95Sbo.osSe2. Temperature-dependent X-ray refinements of the powder diffraction data were
performed using the Jana2006 crystallographic software. We calculated the coefficient of thermal

expansion (CTE) using the following equation based on the obtained cell constants.
: (1)

where a; represents the thermal expansion coefficient; Al represents the change in the unit cell

_ AlJ/AT

lo

a;

edge length; AT represents the change in temperature; and [, represents the unit cell edge length
at the base temperature of the measurement.!”!

Figure 3a shows the unit cell dimensions (a, b, and c) and the thermal expansion coefficients. The

order of the thermal expansion coefficients, ap (2.1x10° K1) > 0, (8.2x10° K!) = a, (5.77x10°6

K1), indicates strong anisotropy of y-NaAsoosSboosSex along the b-axis. Structurally, the
interchain direction is along the c-axis, and the 1D !/x[AsQ2] chains are along the g-axis. The
lengths of the a- and c-axes were similar, whereas the h-axis was much shorter. The longest Na—
Se (2.96 A) and the shortest As—Se bond (2.34 A) along the b-axis lengthened much faster
compared with the longer As—Se bonds.

The temperature-dependent thermal conductivity data for y-NaAso.95Sbo.osSe2 are shown in Figure
3b. Although the sample sintered via SPS is a polycrystalline material, y-NaAso.95sSbo.osSe> is a
monoclinic system and an anisotropic material; thus, the SPS pressure may induce a preferred
orientation in the sintered pellet. Thermal conductivity was measured in two directions to
understand the thermal transport behavior of y-NaAso.osSboosSez: 1) along the SPS pressing
direction, indicated as the v-direction (||), and 2) in a direction perpendicular to the SPS pressing
direction, marked as the p-direction (1, Figure 3b).

Because of the anisotropy of the crystal and the preferred orientation induced by the SPS pressure,

the thermal conductivity in the p-direction was slightly lower than that in the v-direction, as shown
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in Figure 3b, which is typical in such anisotropic materials. In Figure S9, the PXRD patterns of
the two SPS pellets reveal a preferred orientation along the p-direction, which is dominated by the
(00l) Bragg reflections. Moreover, the sample exhibited an extremely low lattice thermal
conductivity of 0.78 W m™ K'! at room temperature and it dropped to 0.41 W m™! K! at 523 K.
Table S7 lists the room temperature thermal conductivity on single crystals of some commonly
studied NC chalcogenides. The thermal conductivity of y-NaAso.95Sbo.osSe> at room temperature
(0.78 W m™ K is comparable to that of BaGasSe7 (0.74 W m™ K I c and 0.64 W m™ K L ¢)!®],
The thermal conductivity of y-NaAso.95Sbo.osSe2 is much lower than that of AgGaS,, AgGaSe,,
and ZnGeP;, thus rendering it attractive for crystal growth. The thermal conductivity of a
polycrystalline sample can be influenced by grain boundary scattering but it should not be very
different to a single crystal.['’! Attempts are being made to obtain large single crystals which can
offer a full understanding of the intrinsic properties of this y-NaAso.95Sbo.osSe>. The ultralow
thermal conductivity of y-NaAso.9sSbo.osSez is attributed to strong phonon-phonon scattering,
which may be due to the different bond lengths of the As—Se bonds and point defects arising from
the As/Sb site mixing. Figure S10 shows the temperature dependent thermal diffusivity data for y-
NaAso.95Sbo.osSe> showing greater thermal diffusion along the v-direction compared to the p-

direction.

4. Crystal growth using the Bridgman method
The as-synthesized materials were loaded into a 13 mm (outer)x 11 mm (inner) diameter carbon-

coated tube. Successful crystal growth of y-NaAso.o5Sbo.osSe> was achieved using the Bridgman
method by translating 20 g of the as-synthesized material at a rate of 1 mm h™!. The PXRD pattern
of the sample cleaved from the ingot was obtained to confirm the orientation of the crystal, as
shown in Figure 4a. The only observed reflections were those of the (00/) family of Bragg
reflection. In our initial iterations of crystal growth, we used 3N (99.9%) starting materials, with a
hot end at 550 °C and a cold end at 350 °C. The obtained ingot had some hollow spaces, which
resulted in poor crystal quality. This could be attributed to small oxide impurities in arsenic or
sodium. Figures Sl1la and S11b show the possible defects in the ingot. Subsequently, we
synthesized the material using SN (99.999%) starting materials by maintaining the hot zone in the
Bridgman furnace at 610 °C to observe whether the decreased viscosity minimizes the hollow

pockets in the ingot. Figures 11c and 11d show an improved crystal quality; however, the hollow
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spaces still existed, although with much smaller pockets. At this point, zone refining of the as-
synthesized materials was performed in a carbon-coated fused-silica tube. Horizontal zone refining
was performed using eight passes of a narrow heater (12 mm heating zone) at a speed of 5 mm h
! and a temperature of approximately 600 °C. The ingot obtained after this process is shown in
Figure S2. Subsequently, the dark-colored material segregated at the top part of the tube was
discarded before crystal growth using the Bridgman method. The obtained ingot was significantly
improved with fewer hollow spaces. Figure 4b shows the shiny ingot and the cleaved crystal
polished using mineral oil. Figure 4c shows that the FWHM was 0.1305 (6) with Ag = 0.31.
However, because of the softness of the crystal, polishing resulted in scratches on the crystal
surface (Figure S12). Further efforts are being made to reduce the hollow spaces in the ingot

obtained through the purification of the starting materials, which will help grow larger crystals.

5. Linear and nonlinear optical properties of y-NaAs.95Sbo.osSe>

Diffuse Reflectance Spectroscopy of y-NaAso.95Sbo.osSe2

Figure 5 shows that the bandgap for y-NaAsoosSbo.osSe2 (1.78 eV) from the Tauc plot is
comparable to that of y-NaAsSe> (1.87 eV). However, a small change was observed in the bandgap
of y-NaAso.95Sbo.osSe> when the purity of the material was improved, as shown in Figure S13.
Synthesis of y-NaAso.95Sbo.osSez using 3N starting material resulted in a bandgap of 1.71 eV, which
increased to 1.78 eV when 5N starting materials were used. However, a minimal difference was
observed at the absorption edge except for the inset in Figure S13, which shows the decrease in
the tail, thereby indicating that horizontal zone refining purified y-NaAso.05Sbo.osSe». Single-crystal
XRD analysis of the crystal obtained from zone-refining confirmed that no change occurred in Sb
composition, indicating that the change in the bandgap of y-NaAso.osSboosSe: was due to

purification.

The linear optical behavior of single crystal y-NaAso.95Sbo.osSez

Spectroscopic ellipsometry was performed to study the linear optical properties of vy-
NaAso.95Sbo.osSe2 and to extract the complex refractive indices in the 0.2—1 gm wavelength range.
Because y-NaAso.95Sbo.osSe> belongs to the monoclinic point group (m), its three coordinate
systems (namely, the crystallographic coordinates (a, b, ¢), crystal-physics coordinates (Zi1, Z»,
73), and principal Eigen coordinates (Z:°, Z>°, Z3%)) do not coincide with each other, as shown in

Figure 6a. The crystallographic coordinates are Z> // b, Z3// ¢, and Z1// Z> x Z3. The principal
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coordinates (Z>° // Z») were obtained by rotating the crystal-physics axes about Z> until the
dielectric tensor was diagonalized. The angle between the crystal-physics and principal
coordinates is defined as a. The ellipsometry data were collected for the three crystal orientations
and fitted simultaneously to the Tauc—Lorentz oscillator model to extract the dielectric tensor and

complex refractive indices (7) in the crystal-physics coordinates, as follows.

fiiy 0 figz\°
§=ﬁ2=<0 o 0). (2)
iz 0 Tigs

The complex refractive indices are shown in Figure 6b. The fitting revealed that ni3 had a
negligible value, which might be because the crystal had a near 90° unit cell § angle and is optically
orthorhombic, similar to that of the undoped y-NaAsSe.['%! The crystals were also investigated
using a polarizing microscope with a pair of cross-polarizers. A crystal with a surface normal [010]
was rotated from the [001] axis to obtain minimal light intensity. The angle at the minimal light
intensity was to be |a| < 0.75°.

The real parts of the refractive indices of y-NaAso.95Sbo.osSe> in the 750—1000 nm range were fitted
using the Cauchy equation!?l:

n=A+o+=+o 3)
and extrapolated to 3 um because the dispersion is generally small at lower photon energies. Table

4 lists the parameters of the Cauchy equation.

The nonlinear optical behavior of single crystal y-NaAso.95Sbo.osSe2

Subsequently, we investigated the second-order NLO properties of y-NaAso.95Sbo.osSe2. In SHG,
two photons of the same frequency (®) are combined into a single photon of twice the frequency
when they travel through the NLO crystal. The relationship between the induced polarization and
incident electric field is Pi2o X dijk Ejo Exo, Where dijk is the second-order optical susceptibility
tensor;, and i, j, and k correspond to the polarization directions of the relevant fields.

The SHG effect was studied using optical SHG polarimetry (Figure 7a). The wavelength of the
fundamental light (3 um) and the SHG (1.5 um) were selected to ensure that the energies of the
fundamental light and SHG were below the bandgap. Thus, the SHG process involved only virtual
states and was non-resonant. The experiment was performed in reflection geometry at normal
incidence. The SHG intensities were measured while the linearly polarized incident beam was

rotated by angle y. The SHG tensor of y-NaAso.95Sbo.osSe2 in Voigt notation can be expressed as:
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diy dip diz 0 dyis 0
d= ( 0 0 0 dy, O d26>. 4)
d3; d3; dzz 0 dgs O

At normal incidence, the defr can be written as:

derr = (d11ty® cos® ¢ + dy,t, % sin? 1), (5)
when the analyzer was parallel to the Z; direction; here, #i and 71 are the transmission Fresnel
coefficients of p- and s-polarized fundamental light, respectively. The collected polar plot was
fitted based on d.r, as shown in Figure 7b. A wedged X-cut LiNbO3 crystal was measured under
similar experimental conditions as the reference and compared with y-NaAso.95Sbo.osSe> to extract
the absolute value of d11. A comparison of the SHG intensities of y-NaAso.95Sbo.osSez2 and LiNbO;
at y = 0° revealed that |d11| = 648 + 74 pm V!, This experimental geometry would also allow us
to probe di2; however, similar to the parent compound y-NaAsSe;, the large magnitude of di1
dominated the polar plot and d11/d1> ratio. Hence, only the upper boundary of d1> was determined.
Evidently, the results revealed that di1/d1> > 14, and thus, |d12| <45 pm V!,
Compared with y-NaAsSez, y-NaAso.osSbo.osSe2 exhibited similar linear and nonlinear optical
properties. For example, both crystals exhibited a larger SHG response in the [100] direction owing
to the alignment and extension of the 1D chains in both crystals along the [100] direction. The
SHG coefficient of y-NaAso.95Sbo.osSe> was greater than that of y-NaAsSe; likely because of the
smaller bandgap.!": 2! The second-order nonlinearity of y-NaAso 9sSbo 0sSez also surpassed those of
commercial NLO crystals and was approximately 20 times higher than that of AgGaSe: (Figure
7c).l3!
Additionally, we calculated the non-phase-matched SHG conversion efficiency of v-
NaAso.95Sbo.osSe2 by utilizing the giant d11 value and compared it with commercial NLO crystals,
such as LiNbO3, AgGaSe>, and ZnGeP>. When the fundamental and SHG waves travel in the
material, they interfere with each other and the SHG wave is converted back to the fundamental
wave. The SHG intensity has a maximum when the distance traveled by the waves is one coherence

length /., which is defined as follows.

[ =—2o 6)

Z(nza)_nw),

where 12 and 7, are the refractive indices at frequencies of 20 and o, respectively.l?!! In Figure

7d the coherence lengths of y-NaAso.95Sbo.osSe> are compared with those of other commercial NLO
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crystals when the largest SHG coefficients were used. Evidently, y -NaAso.95Sbo.osSe> exhibited a
coherence length comparable to that of ZnGeP»; however, its SHG coefficient was nearly ten times
greater. y-NaAso.95Sbo.osSez has a smaller coherence length than y-NaAsSe> because it has a larger
refractive index dispersion as seen from equation 6. We expect the coherence length of -
NaAso.95Sbo.osSe2 to increase when probing further into the infrared range since the refractive index
dispersion will decrease as the wavelength increases.!*?! Subsequently, we calculated the SHG
conversion efficiency for one coherence length normalized by the fundamental intensity, as
follows.
Lho _ 207 d? 1

_ [, Psinc? (2 dl, (7)

12 £0C3 NpyNe? le

where g9 is the vacuum permittivity; c is the light velocity; and Ak is the wave vector difference
between the fundamental and SHG waves. Figure 7e shows the non-phase-matched SHG
conversion efficiency for the largest SHG coefficients of y-NaAso.95Sbo.osSea, LINbO3, AgGaSes,
and ZnGeP,.1*¥ At a fundamental wavelength of 2.5 um y-NaAso 95Sbo 05Se> was almost 100 times
more efficient than ZnGeP».

Similar to y-NaAsSe», y-NaAso.95Sbo.osSe> is soluble in polar solvents and possesses a chain-like
structure that allows easy solution processing of the films. Hence, y-NaAso.95Sbo.osSez is a good
candidate for NLO thin film devices. Considering the large di1 value, y-NaAso.95Sbo.osSe> is also

an excellent material for orientation-patterned quasi-phase-matched devices.[*

6. Conclusions

v-NaAsSe; is a high-performing NLO material in the mid-infrared (MIR) above 2 pum, and it
undergoes a polymorphic phase transition to CS 3-NaAsSe,. Herein, we effectively stabilized y-
NaAsSe> by substituting it with 5 % Sb which reduces the strain on the 1D /[AsQ27] chains.
Single crystals of y-NaAso.95Sbo.osSe2 (2 mm) were successfully grown using the Bridgman
growth method. Further crystal growth and processing improvements will render v-
NaAso.95Sbo.osSe> highly attractive for high-power laser applications. The linear and nonlinear
optical properties were measured and indicated a giant second-order nonlinearity with an optical
SHG coefficient of |di1| = 64874 pm V!, which is comparable to that of y-NaAsSe>. With a
bandgap comparable to commercial AgGaSe: but a giant SHG coefficient value, v-

NaAso.95Sbo.osSe2 is a promising candidate for obtaining infrared lasers.
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Tables

Table 1: Some reported high-performing chalcogenide NLO materials

Polymorph

LiAsSe2

NaAsSe:

CsPSes

K2P2Ses

LizPS4

NaSbP:Se

LaGaSs

NaxGezSes

Phase
transition

o— B (@
470 °C)

Y— (@
450 °C)

p—> a(@
273 °C)

a— B

o— 7 (@
300 °C)

y— B(@
227 °C)

p—> o (@
473 °C)

a— [

a—p B

a— B
(@500 °C)

Space
group
o= F-43m;
B=Cc

y=Pc; 0=
Pbca

o= P2/n;
B=P-42;c

o= P3121;
p=P3,
glassy

o = Pbcn;
B = Pnma;
vy = Pnm2,;

o= P2i/c;
B=P2

o= P2i/c;
B = Pna2;

o= Cmcm;
B = Pna2,

Bandgap
(eV)

o=2.1;
Glassy: 1.97

v=3.68

a=2.17;B=
2.25
a=2.50;pB=
1.90

B=238

SHG intensity
detr=55.7 pm V!,
Theoretical d33 =
836.5 pm V-,

387 pm V!
vy = 75x AgGaSe>

B=29.6pm V!,

y=4.32pm V!,

p=3xAgGaS,

Weak SHG

290 pm V!,

Reference

[11, 15]

(10, 11]

[25]

[26]

[27]

[28]

[29]

(30]
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Table 2: Phase obtained after substitution in y-NaAsSe; and the phase obtained from differential thermal
analysis (DTA)

Composition Phase Phase after DTA
Lio.osNao.9sAsSe: v-NaAsSe» 0-NaAsSe>
Nao.95Ko.0sAsSe2 0-NaAsSe> Not performed
Nao.9sAgo.osAsSez v-NaAsSe» 0-NaAsSe>
NaAs0.95Sbo.osSe2 v-NaAsSe> v-NaAsSe>

NaAsSe1.9550.05 0-NaAsSe> Not performed
NaAsSei.95Teo.05 0-NaAsSe> Not performed

Table 3: As—Se bond length comparison of y-NaAsSe,, y-NaAso 9sSbo.osSez, and 8- NaAsSe,

As-Se Bond v-NaAsSe2 v-NaAso.95Sbo.osSe2 0- NaAsSe:
Bridging As-Sep M-Sep As-Sep
2.51A,2.46 A 2.55A,249 A 247 A,2.45A
As-Sep As-Sep
247 A,2.43 A 249 A,2.45A
Terminal As-Seq M-Se As-Set
232A 236 A 229 A
As-Se; As-Set
230A 230 A

Table 4: Parameters of the Cauchy equations® for refractive indices of y-NaAsg.9sSbo.osSe in the 750—
1000 nm range in the crystal-physics coordinate.

A B C D

n;; 2.739 0.3056 -0.1295 0.04653
np 2.273 0.2078 -0.1024 0.03096

ny; 2.299 0.2228 -0.1059 0.03298
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(a) (b)
; Experimental -
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[ Simulated from ‘0 Simulated
9 single crystal data g NaAsSe,
c -
- T T T T T T —] E LIJ_I,\_LN W st asn s ,LAJ\JLJ‘..«_LAL_J-
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eg.
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S ] E’; After DTA
= ] " Heating - Do At
< A =
= ] /\ 2] Before DTA
5 B / EJ efore
| —__“"Cooling c
0 300 600 20 40 60
Temperature (°C) 20 (deg.)

Figure 1: (a) Experimental powder X-ray diffraction (PXRD) patterns of the y-NaAso.0sSbo.osSe, (red)
compared with the simulated PXRD patterns from the single crystal of y-NaAsg.9sSboosSes (black). (b)
Experimental powder X-ray diffraction (PXRD) patterns of the y-NaAsSe, (red) compared with the
simulated PXRD patterns from the single crystal of y-NaAsSe; (c) Differential thermal analysis of y-
NaAso.0sSboosSe2 showing melting (Tm, endothermic, black) and crystallization (Tc, exothermic, red)
points. (c) Comparison of the PXRD patterns before (red) and after (black) differential thermal analysis.
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(i) 2324 AsSes; (i) 2.36A
2.55A
- Q/L Mixed —°
R A Sh/As)S .
N 2.51A 2.46A (Sb/AsISes ) 4o A
AsSe;
- 2.47A 2.49A D G ¢
-— ASSEs f IJ
_— f . . . -0~ —0
2.43A 2.32A 2.45A 2.30A
y-NaAsSe, NaAs, o55b, os5€, ! !
- Space Group: Pc Space Group: Pc o -@
a=11.726(2) A a=11.761(2) A ‘ J J
< b=5.932(1) A b =5.958(7) A
y-NaAsSe, c=11.866(2) A c=11.928(2) A v-NaAso.gs Se;
Interchaﬂin distapce 6 =90.39(3)° 8 =90.34(3)° Interchain distance
3.59A,3.64 A 3634, 3674
V: 825.5 (3) A3 V: 835.9 (3) A3

Figure 2: Interchain distances for (a) y-NaAsSez and (b) y-NaAsgsSboosSe, highlighting the increased

chain distance in y-NaAsgosSbo.osSea. (1) AsSe; bond lengths; (i) MSe; bond lengths (M = As/Sb mixed
site) in y-NaAso.05Sbo.osSez.
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(a)

g v-NaAs, ,.Sb; . Se,
n =X Single crystal

.

(002)

— (006)
(008)

Simulated

_]_L_A_._L_u*_‘HAL.L.L_»J‘___‘_A_A
10 20 30 40 50 60 70
26(deg.)

Intensity (a. u.)

(b)

&

3Immx 2.5 mm

|
T) = (004) Braggs Peak
| = Nonlinear Fit

T’.i FWHM: 0.1305 (6)

f‘ A6 = 0.31

J i

29.0 295 30.0 30.5 31.0
26 (deg.)

Figure 3: (a) (00/) family of Braggs reflection obtained from a cleaved crystal of y-NaAsg.osSbo.osSes.
(b) Bridgman ingot obtained from zone refining and the cleaved crystal along the [100] obtained after
polishing. (¢) (004) Braggs reflection peak fitted with a Gaussian function.

Intensity (a. u.)

] _ 10 : : .
(a ) < 117001, =8.29x10° " ( b ) F'KE SPS press direction
— u
© 11.6754 . =
—— 5 9104 L " ::E,: 0.8+
(;_ 1 2.1 1( . ® P ® %
0 850 ™ L] -g 0.6
) A S Qo
. 11832{ ®=577x 10: a—4 <_<3 Test direction o ©
- 1 a0 g 0.4{ @ p-direction 9
(&) 11.808 A o @ v-direction
0 100 200 300 400 = 300 375 450 525
Temperature (°C) Temperature (K)

Figure 4: (a) Cell constants (a-axis, red; b-axis, magenta; c-axis, blue) for y-NaAsgosSboosSe, obtained
from Le Bail fit; (b) Temperature dependence of the thermal conductivity for y-NaAs.osSbo.osSe2.Because
the y-NaAs.95Sbo.osSe; is anisotropic, thermal conductivity is measured in two different directions: one is
along the SPS pressing direction, indicated as the v-direction, and the other is perpendicular to the SPS
pressing direction, which is marked as the p-direction.
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y-N'.=1Aso_95As0_OSSe2

Bandgap

;'/1.78 eV
10 15 20 25 30
Energy (eV)

(a/S)? (Arbitrary Units)

Figure 5: UV—Visible spectrum of y-NaAs.95Sbo 05Ses as obtained from the Tauc plot.

1y 1Y) 33

N

Crystallographic 4

Crystal physics
Principal

0204 060802040608020406081.0
wavelength, 4 (pm)

Figure 6: (a) Definitions of the three coordinate systems for y-NaAsosSbo.osSez. (b) Complex refractive
indices of y-NaAso.9sSbo.osSez in the visible range. The real and imaginary parts are shown in blue and red,
respectively.
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(@)

Zp I3
v
Z,: [010]
] v
=
X o v
5 6
! dy = 64874 pm V!
Z

z,
75
50
LiNbO,
25
ZnGeP,
0 7-NaAs, ?éSbU- 0558,

14 16 1.8 20 22 24 26
wavelength, A (um)

(€)

*y-NaAs, Sb__Se,
600 x oo
1-NaAsSe,
§400~
E
=
~5~200+
AgGaSg, iGaSe LilnSe, 1-'\Ibo
" AgGas® BaTIO, KTP
1 4

2 3
Bandgap, £, (eV)

16 | 7-NaAs Sb Se,

107%

14 16 18 20 22 24 26

wavelength, A (pm)

Figure 7: (a) Schematics of the experimental setup, including: 1) half-wave plate, 2) dichroic mirror, 3)
lens, 4) sample, 5) analyzer, and 6) detector. (b) Polar plot of the SHG intensities of y-NaAso.95Sbo.osSez
with polarization parallel to the lab X direction. (c) Comparison of the highest SHG coefficients of y-

NaAso.95Sbo.osSe2, -NaAsSer and some well-known NLO crystals.|
phase-matched SHG conversion efficiency of NaAso.osSbo.osSez and the commercial NLO crystals.
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High performing non-centrosymmetric y-NaAsSe> by doping the As site with Sb, which results in

v-NaAso.95Sbo.osSez Single crystals with dimensions of (3 mm x 2 mm) were successfully obtained

via zone refining and the Bridgman method. A giant second harmonic generation (SHG)
susceptibility of |d11| = 648 + 74 pm V-!is observed at 2 um. These properties make it a promising
candidate for infrared laser applications.
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