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Large Non-Resonant Infrared Optical Second Harmonic
Generation in Bulk Crystals of Van der Waals

Semiconductor, SnP,Se,

Jadupati Nag, Saugata Sarker, Safdar Imam, Abishek lyer, Michael |. Waters,
Albert Suceava, James M. Rondinelli, Mercouri G. Kanatzidis, and Venkatraman Gopalan*

2D van der Waals (vdW) materials have emerged as a highly promising
candidates for nonlinear optical (NLO) applications. This study presents the
synthesis, comprehensive linear optical, and optical second harmonic
generation (SHG) characterization of a novel 2D vdW semiconductor SnP,Se
in its bulk single crystal form. It exhibits an indirect bandgap of ~1.47 eV and
an exceptional non-resonant SHG coefficient of d;; ~ —222 + 30pm V' ata
fundamental wavelength of 2 um, which is =7 times larger than that of the
commercial AgGaSe, with a comparable bandgap. Density functional theory
(DFT) calculations of the linear and nonlinear optical properties exhibit
reasonable agreement with the experimental measurements, revealing the
chemical origin of the enhanced properties. Moreover, SnP,Se, can exhibit
both type-I and type-1l phase matching over a wide spectral range, fulfilling
one of the key criteria for an ideal NLO crystal. These exceptional properties
position SnP,Se as a highly promising candidate for NLO applications.

properties. Traditionally, materials such as
LiNbO,,[!l AgGaSe,,”?! §-BaB,0,,*] KDP,*]
ZnGeP,,’) GaSe,!®l and BaTiO,!”! have been
widely used. An ideal NLO crystal should
possess key attributes, including a high
nonlinear coefficient, a large laser-induced
damage threshold (LIDT), a wide trans-
parency range, a low extinction coefficient,
phase-matching capability, and the ability
to be grown into large, stable, high-quality
single crystals.’®} In pursuit of designing
new NLO crystals, dimensionality reduc-
tion offers a promising approach. For low-
dimensional systems, such as 2D van der
Waals (vdW) single crystals, reducing di-
mensionality can result in increased elec-
tronic polarizability and enhanced NLO

1. Introduction

The advancement of nonlinear optics hinges on the discovery
of new optical crystals with superior nonlinear optical (NLO)
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properties.®121 2D vdW materials can be

exfoliated to produce ultra thin layers

with precisely tunable optical properties,
rendering them highly promising for multifunctional device
applications.['*] Additionally, vdW materials are excellent can-
didates for NLO applications!!*'¥! due to their unique char-
acteristics and adaptability, making them well-suited for ad-
vanced photonics,[®! optoelectronics,?%! laser technologies,?!!
telecommunications,??! and quantum computing.*’! To date, re-
search efforts have primarily centered around graphene and tran-
sition metal dichalcogenides (TMDCs),[2*%"] with relatively few
studies on vdW crystals of metal chalcophosphates. Investigat-
ing additional 2D vdW materials could lead to the discovery of
more efficient NLO materials.[®)

Our study examines a novel 2D layered vdW single crys-
tal, SnP,Se, aiming to identify its promising NLO properties
through a combination of linear optical characterization (UV-vis,
FTIR, spectroscopic ellipsometry), optical SHG measurements,
and first-principles calculations. Recently, layer-dependent phe-
nomena have been investigated in exfoliated atomically thin lay-
ers of SnP,Se,, focusing on applications in integrated photon-
ics, photovoltaics, and related devices.!?*3%1 However, a thorough
examination of the linear and nonlinear optical properties of
bulk crystals are currently unexplored, including a full determi-
nation of the refractive index dispersion, its SHG tensor, as well
as optical phase-matching conditions. The bulk crystals serve as
a reference case to study intrinsic material properties in relation
to those observed in atomically thin layers after exfoliation. The-
ory will further illustrate that the SHG coefficients are expected
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to decrease from the bulk to the monolayer limit, illustrating the
importance of the vdW interactions.

In this work, we report the synthesis and detailed characteriza-
tion of a novel 2D layered vdW semiconductor SnP,Se,. Large (~
6-10 mm), high-quality SnP, Se, single crystals were successfully
grown using Chemical Vapor Transport (CVT) with an optimized
growth temperature profile and SeCl, as the transport agent for
the first time. The optimized growth parameters enabled the
growth of large crystals of SnP,Se, with a suppressed phase
of Sn,P,Se,, a secondary phase commonly observed in earlier
growth attempts.[3*3!] Additionally, these crystals have demon-
strated stable behavior in air and water over time as shown in
Figure S2 (Supporting Information),’32! which presents the XRD
patterns of the crystals after exposure to air and water for various
durations. The high-quality crystals thus grown have facilitated a
thorough characterization of their complete linear and NLO prop-
erty tensors, which have not been determined before this study.

The SnP,Se, bulk crystals exhibit a significant non-resonant
SHG coefficient of d;; = —222 + 30 pm V™! at a fundamen-
tal wavelength of 2 um, outperforming materials with simi-
lar bandgaps such as GaAs (130 pm V~1),33 SnP,S, (53 pm
V1), and AgGaSe, (33 pm V1).I2] Previous studies on the sim-
ilar vdW material SnP,S3* highlighted its potential as a mid-
infrared NLO crystal, exhibiting phase-matchability and a sig-
nificant nonresonant SHG response. Selenides generally have
smaller bandgap and larger SHG coeflicients than sulfides for
the same family of compounds.[>>~8] Indeed, the record for the
largest non-resonant SHG coefficient is for the known NLO ma-
terials y-NaAsSe,%’] (with bandgap of 1.87 eV measured at a
fundamental wavelength of 2 um) and y-NaAs, o5 Sb, o5 Se, (with
bandgap of 1.78 eV measured at a fundamental wavelength of 3
pm).8) In this spirit, we explore SnP,Se, bulk crystals. We de-
termined the complete index anisotropy and frequency disper-
sion, and show that these crystals should be type-I and type-II
phase-matchable in the spectral range of 1-6 um. Further, the
first-principles theory provides insight into the electronic struc-
ture and second-order polarizability calculations, helping to eluci-
date how local chemical bonding contributes to the macroscopic
SHG tensors. The calculated frequency-dependent second-order
polarizabilities are in reasonable agreement with the experimen-
tally measured SHG tensor values. These findings underscore
SnP,Se, as a promising candidate for nonlinear frequency con-
version applications in the near and mid-infrared range.

2. Results and Discussion

2.1. Crystal Growth

Single crystals of SnP,Se, were synthesized using a two-zone
furnace’s CVT method. Previous studies used stoichiometric
amounts of elemental sources with SnBr, as the transport agent
and growth temperatures set at 450°C on the source side and
325 °C on the sink side, resulting in the formation of both
ternary phases Sn,P,Se, and SnP,Se,.3%3!] In our work, we pre-
synthesized stoichiometric sources at 350 °C. SeCl, was used as a
transport agent with the source material, and growth conditions
were maintained at 380 °C on the source and 325 °C on the sink
sides, producing large SnP,Se, crystals. The crystals belong to
space group R3 (#146) and exhibit a chiral, layered atomic ar-
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rangement, as depicted in Figure 1a with the lattice parameters
a=b=063213(9)A and ¢ = 19.962(4)A. Within each layer, the
P atoms are covalently bonded to one another and connect the
P-Se sublayer, where the P-Se bonds display both covalent and
ionic characteristics.

XRD analysis of the SnP, Se, crystals and crystal powders syn-
thesized via CVT method showed patterns (see Figure 1b) consis-
tent with those previously reported in the literature. The XRD pat-
terns confirm the high crystallinity of the samples, with a prefer-
ential orientation along the (00]) direction. Additional XRD mea-
surements on various SnP,Se, crystals, presented in Figure S1
(Supporting Information),3?! further confirmed these findings.
A smaller value of full width at half-maximum (FWHM) indicates
a higher crystalline quality of the single crystal.*®3%1 The FWHM
values of the (006) Bragg peak in all x-ray patterns were low
(€0.13°), indicating the higher crystalline quality of the SnP,Se,
CVT crystals. Furthermore, these crystals exhibit long-term sta-
bility in both air and water over time (see Figure S2 (Support-
ing Information)).??] The as-grown larger (6-10 mm) SnP,Se,
crystals exhibit excellent uniformity, as depicted in the inset of
Figure 1c.

2.2. Electronic Structure

Optical absorption spectroscopy conducted on the SnP, Se, crys-
tals indicates an indirect optical bandgap of 1.47 eV as shown
in Figure 1lc. From electronic band structure calculated with
DFT (Figure 1d-f), SnP,Se, exhibits an indirect bandgap of 0.65
eV with the valence band maximum (VBM) between the L and
B, points and nearer to the latter. The under-prediction of the
bandgap compared to the experimental bandgap is a well-known
limitation of DFT.*Yl The conduction band minimum is at the
' point. Unusually, the lowest conduction band comprises one
spin-paired band followed by another bandgap from 1.42 to 2.00
eV above the VBM. As shown in the projected density of states
(PDOS) in Figure 1, the isolated lowest conduction band is as-
sociated with hybridization of the empty Sn-5s and Se-4p states.
Above the second gap, bands comprise hybridized Se-4p and P-
3sp? states. Substitution on the Sn sites, therefore, would provide
an effective means to engineering the conduction band for tuning
the linear and nonlinear optical properties. Upper valence bands
are nearly pure Se-4p states with the lower valence bands showing
moderate contributions from hybridization with P-3p and minor
mixing with Sn-5p.

From the atomic structure, PDOS, and electron density, the na-
ture of the chemical bonds becomes clearer. For Sn—Se bonds, the
octahedral coordination of Sn and lack of hybridization between
Sn and Se in the PDOS indicate that the Sn—Se bonds are almost
entirely ionic. For Se-P bonds, the strong electron withdrawing

of the Se atoms gives rise to Ses~-like apical terminations and
tetrahedral P-sp® rather than establishing bipyramidal geometry
with a lone pair on the phosphorous. The lack of charge density
between layers (marked by dotted lines), as seen in Figure 1f,
and electron localization function (ELF), as seen in Figure S14
(Supporting Information),? supports the vdW nature of the in-
terlayer bonding. To further support this, the interlayer bonding
strength was computed by comparing the relaxed conventional
cell and a relaxed monolayer in the conventional cell, without
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Figure 1. For SnP,Seq: a) crystal structure. The crystal structure comprises three identical layers with basal translations relative to each other. b) X-ray
diffraction (XRD) patterns on CVT-grown crystal and crystalline powder. The calculated SnP,Seg pattern was plotted to compare with the experimental
patterns. The presence of sharp (00/) peaks in the single crystal XRD patterns indicates the high crystallinity of the CVT grown crystals. c) Tauc plots
obtained from the UV-vis spectrum of a single crystal considering indirect and direct bandgaps. The inset displays an image of the grown single crystal.
d) Band structure and e) Projected density of states (DOS) of SnP,Seg in units of states per eV. f) A slice of the computed electron density passing
through a pair of phosphorus atoms in the a-c plane. The interlayers are marked using dotted lines.

vdW corrections. We obtained a delamination energy of only 3.4
meV per atom, consistent with low stacking fault energies.

2.3. Crystal Domains

In 2D vdW materials, mismatches in layer stacking or twisting
are frequently observed due to the weak van der Waals force be-
tween successive layers, a phenomenon known to influence their
functional properties.[“1*2] Our aim is to characterize the non-
linear optical susceptibility of this material in its bulk form, and
given that second harmonic generation is sensitive to domains,
we performed resonant SHG microscopy to identify the presence
of domains in our bulk crystal. In SHG, the induced nonlinear
polarization, P>, at frequency 2w (wavelength, 12*), and the in-
coming electric field E” of light at frequency w (wavelength, 1%),
in a nonlinear optical material are related through the second-
order optical susceptibility P?” = dUkIEJ?’E;’.[43] Here, the indices
(i, j, k) denote the polarization directions in Cartesian coordi-
nates. The SHG microscopy was performed at normal incidence
(see Figure 2a) with fixed polarization conditions for the funda-
mental wavelength of 1 = 800nm and the generated second har-
monic light at A2” = 400nm detected; note that SHG wavelength
of 400nm is resonant with an energy above the bandgap. This
investigation reveals antipolar domains of two types: Domains
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related by a 2-fold rotation about the [0110] direction as seen in
Figure 2b,c (we label these as type D1 domains), and domains
where adjacent layers of the 2D vdW structure in the thickness
direction could be related by spatial inversion, 1, as shown in
Figure 2d,e (we label these as type D2 domains).

In domains of type D1, the contrast at the twin wall can be re-
versed by adjusting the polarization of the incident light as shown
in Figure 2b. SHG polarimetry experiments (circles) and their
modeling (solid line) help deduce that the slight relative rota-
tion of the SHG polarimetry plots in the two regions (1 and 2
in Figure 2b) across the domain wall arises from a 180° rotation
of the crystallographic axes about the [0110] direction. The crys-
tal physics axes transforms cross the domain wall as (Z,, Z,, Z;)
- (Z,, —=Z,, —Z;), which then reverses the sign of d,, and d;
without reversing the sign of d,;. Laue backscattering and elec-
tron backscattering diffraction (EBSD) performed as described
in Figures S6a and S7 (Supporting Information),’*?! respectively,
confirm the presence of these antipolar domains.

In domains of type D2 seen in Figure 2d, all the four regions
indicated by the four locations 3-6 exhibit the same polar plots
seen in Figure 2e; however their SHG intensities are different.
These can occur if the adjacent 2D layers have crystal physics
axes related by spatial inversion (crystal physics axes (Z,, Z,, Z;)
= (= Zy, —Z,, —Z;), and hence d; — —d;;). This is schematically
shown for six layers (as an example) below Figure 2d which can
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Figure 2. a) Experimental configuration of resonant SHG microscopy performed with 1* = 800 nm fundamental light wavelength, generating an SHG
of A42? = 400 nm. b) SHG microscopy imaging of 2-fold rotation domains in SnP,Seg related by a 2-fold rotation about the [0170] direction. The right
and left images demonstrate the domain contrast of the same region with two different incident polarization configurations as indicated in the images.
c) SHG polarimetry (circles) and theory fitting (solid lines) at the locations 1and 2 marked in panel (b) show a relative rotation that arises in point group
3 from a 180° rotation of the crystal axes about the [0170] axis across the domain wall as shown in panel (b). d) SHG microscopy of a different region on
the crystal reveals bands of different intensities but identical polar plots in locations 3, 4, 6 as shown in panel e). Location 5 has such low SHG intensity
that it is not seen on the scale plotted here. These are inversion domains whose crystal physics axes are related by 1 in different layers in the thickness

direction as illustrated in the schematics below where the [000 + 1] directions are shown in red (+) and blue (—) arrows for six example layers.

give rise to the four color contrasts that are seen. The SHG fields
from type D2 antipolar layers will possess the same field ampli-
tude but opposite phases. Upon averaging over the layers within
the probe depth of the laser, a cross-cancellation of the fields be-
tween antipolar layers will yield a net field, and hence intensity,
that is diminished relative to the case where all layers have the
same polarity.

Both domain types, D1 and D2, discussed above, will influence
the quantification of the SHG tensor. In domain type D1, the co-
efficients d,s = d,,, d,, = d,; = —d,,, dy; = ds,, d;; would flip signs
across domain walls. In domain type D2, all d; would switch signs
across domain walls. This will lead to partial cross-cancelation of
the far-field SHG fields when averaged over domains and could
lead to an underestimation of the SHG tensor, as is discussed
further on.

2.4. Linear Optical Properties

Prior to measuring the nonlinear optical susceptibility in the
bulk crystal, we first characterize its linear optical properties.
The real and imaginary components of the refractive indices
were determined using ellipsometry. There should be two dis-
tinct refractive indices for a material with space group R3: ordi-
nary (n,) and extraordinary (n,) as shown in Figure 3a. SnP,Se,
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exhibits a negative uniaxial behavior, namely, n, > n,. The bire-
fringence of SnP,Se, varied from 0.3 to 0.4 for photon energies
lower than the bandgap. The experimental refractive indices be-
yond the band edge have been fitted with the Cauchy equation,
nd) =A+ % + % Here, A, B, and C are constant fitting param-
eters, and the obtained values from the Cauchy fit are 2.43, 1.33
pm?, 1.02 pm* for the ordinary index dispersion, and 2.15, 1.48
pm?, 0.98 um*, for the extraordinary index dispersion.

The refractive indices calculated from first principles are in
excellent agreement with experiments despite the independent
particle approximation which typically overestimates the oscilla-
tor strengths and thus the dielectric function because the local
field effects are not considered. The spectral features of the calcu-
lated refractive indices align in energy well with the experimental
ones albeit with much sharper features due to a lack of broaden-
ing from finite temperature effects. The general alignment of the
spectral features highlights the usefulness of scissor shift correc-
tions in studying optical properties starting from computation-
ally economical DFT calculations.

The NIR and MIR transparency window was measured us-
ing the UV-vis and FTIR spectroscopy as shown in Figure S4
(Supporting Information.)*?! The optical transparency window
of this single crystal is from 1 um to >16 um in wavelength. When
both the fundamental and SHG wavelengths are within the trans-
parency range, optical absorption is minimized, and we term it a
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Figure 3. Linear and nonlinear optical properties of SnP,Seq: a) measured (red/blue circles) and DFT calculated (green/violet solid lines) ordinary
(ng) and extraordinary (n,) refractive indices, along with the Cauchy fit (dashed-dotted curves) in the spectral range of 0.85-2.5 um. b) Schematic of
far-field SHG polarimetry experimental geometry for the non-resonant 2000 nm to 1000 nm SHG conversion. The crystallographic Z; [|[0170] & Z,
[I[2770] were perpendicular to the crystal plane (Z; ||[0001]). Polarimetry plots of the SHG intensity as a function of the polarization of the incident
light given by the polar angle, v, are shown in c) Ii“"”(y/) for s-polarized SHG and d) IZY“""(y/) for p-polarized SHG for three incidence angles of the
fundamental light, namely, « = —30°, 0°, 30°. The experimental data are shown as circles, while solid curves are theoretical fits based on point group 3.
e) A comparison of the SHG coefficients of SnP,Seg with those of commercial NLO crystals measured at non-resonant pump wavelengths, see Table
S2 (Supporting Information).[23233:44-50] Error bar represents the standard deviation of SHG coefficient of dy3 for SnP,Seg from the polarimetry fits for

the non-resonant 2000 nm to 1000 nm SHG conversion.

non-resonant SHG measurement, which we proceed to describe
next. If either or both of those wavelengths are outside this win-
dow, it is termed a resonant SHG measurement as shown earlier
in Figure 2.

2.5. Optical Second Harmonic Generation (SHG)

Far-field SHG measurements were performed on single crystals
of SnP,Se, (thickness ~125 um) under non-resonant conditions
to minimize the absorption at various incidence angles a. Far-
field geometry was used with a beam diameter of 50 um; for
quantitative analysis of the SHG coefficients, far-field allows for
plane-wave approximation that is not valid for the high numer-
ical aperture (NA) focused Gaussian beams of <1 um diameter
beams used in SHG microscopy in Figure 2. Far-field measure-
ments also allow the collection of a larger number of independent
sets of SHG polarimetry data at different incidence angles (a in
Figure 3b) which is required to extract the complete SHG tensor.
In contrast, the high NA objectives only allow for normal inci-
dence and possess a complex polarization distribution across a
Gaussian beam.

We used a fundamental wavelength of 2 um, resulting in
a SHG wavelength of 1 pm (see Figure 3b for a schematic
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of the SHG polarimetry experimental geometry), ensuring that
the SHG is within the bandgap of 1.47 eV and is hence non-
resonant. For comparison, a non-resonant fundamental at 1550
nm generating a resonant SHG at 775 nm was also mea-
sured. SHG polarimetry measurements were performed and an-
alyzed to extract the SHG tensor of SnP,Se, crystals. This is
an alternative to performing Maker fringe measurements(>!5%]
where a sample tilt scan (varying « in Figure 2) is performed
at a fixed polarization setting for the fundamental and the
SHG waves; this works well for nearly perfect sample surfaces
with planarity and parallelism. An alternate robust but equiv-
alent method®*?l works well, namely, by collecting a series
of full SHG polarimetry data for a number of discrete inci-
dence angles, and modeling them collectively to fit with a sin-
gle set of SHG coeflicients. By collecting a sufficient num-
ber of independent data sets, one can over-constrain the com-
mon fit and thus develop confidence in the fits. The sec-
ond harmonic tensor for point group 3 is expressed in Voigt
notation as:

dll _dll 0 d14 dlS _dzz
d= _dzz dzz 0 dlS _d14 _dll 1)
dy, dy d;3 0O 0 O
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Table 1. For SnP,Seg single crystal, second-order NLO tensor from exper-
iments at 2 and 1.55um. Numbers within the parentheses are error bar
representing the standard deviation of the SHG dj; coefficients. The pres-
ence of antiparallel domains might suggest that the d3,, d33 and d,5 coeffi-
cients could be underestimated by up to 15 — 20%. A significant change
in some of the ratios occurs between resonant (775 nm SHG) to non-
resonant (1000 nm SHG) conditions.

Ratio of dj; coefficients Experimental ratios Experimental ratios

[1550 nm] [2000 nm]
dyy/dy, ~7.9(0.9) -12.9(0.8)
dva/dy, —14(3.5) 0.69(0.15)
drs/d;, —54.2(18) -20.2(2.0)
dy1/d;, 67.3(6) 9.9(0.9)
dy3/dy, —280(67) —222.0(30)
d,, -1.4(0.1) pm V~! 1.0(0.7) pm V~!

Here d,;, dy,, di4, dis, d;; and ds; are six non-zero SHG
coefficients. The SHG intensity (I>?) is expected to exhibit a
quadratic dependence on the incident laser intensity (I”). Exper-
imentally, the dependence of SHG signal on fundamental power
has been measured (see Figure S10, Supporting Information),3?!
showing excellent agreement with the expected quadratic form
12(“0(([{")2.

The results of SHG polarimetry at oblique incidences exhibit
excellent agreement with the theoretical fit (Figure 3c,d). The ra-
tios of the SHG coefficients d;; relative to d,, were determined
by concurrently fitting the polar plots at different incidence an-
gles to an analytical model developed by Herman and Hayden!*3!
as implemented in the open-source #SHAARP software.>!*?
Note that in the Herman and Hayden model (built within the
#SHAARP.ml code), multiple reflection of the ordinary and the
extraordinary SHG waves are fully considered. These ratios are
given in Table 1.

The absolute coefficients were also extracted by comparing the
far-field SHG intensities at @ = 0° for SnP,Se, with those of
a reference z-cut LiNDO, crystal, measured under identical ex-
perimental conditions (Figure S11, Supporting Information).?]
The full SHG tensor was determined for both the resonant
regime (non-resonant excitation wavelength of 1550 nm lead-
ing to a resonant SHG at 775 nm, see Figure S9, Supporting
Information)®? and the non-resonant regime (non-resonant ex-
citation wavelength of 2000 nm resulting in a non-resonant SHG
at 1000 nm, see Figure 2) as summarized in Table 1. The mea-
sured non-resonant dy; ~ —222 pm V! at a fundamental wave-
length of 2 um is remarkably high; it exceeds the benchmark
infrared NLO crystals GaAs, AgGa$S, and AgGaSe,, SnP,S, as
shown in Figure 3e. For the resonant SHG at 775 nm gener-
ated by the 1550 nm fundamental light, the d;; is even larger,
namely, d;; ~ +280 pm V! (and has a change in its sign); the
sign change is consistent qualitatively with the DFT calculations
as seen in Figure 4f; however, it is less useful for applications
due to the accompanying larger linear optical absorption. In ad-
dition to the SHG polarimetry measurements and analysis de-
scribed above, we also performed SHG Maker fringe measure-
ments as described in Section 8(Supporting Information).??] The
results presented in Figure S12 (Supporting Information)®?! fur-
ther confirm the SHG tensor given in Table 1.
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Both type D1 and type D2 domains in Figure 2 can influence
the magnitudes of the SHG tensors reported here. While an ex-
act quantification of this underestimation is difficult, if we as-
sume an average domain distribution over the entire far-field
probe beam diameter of 50 um that is similar to that in Figure 2d
where the ratio of maximum SHG intensity to the average in-
tensity is 2.19, then the maximum possible d; would then be

~ V/2.19 = 1.48x the measured d; listed in Table 1. Thus there
could be an underestimation of the coefficients in Table 1 by
~48%. Future quantification of the SHG tensor would require
crystals with minimal domains and the ability to quantify local
SHG polarimetry collected within small uniform domain regions
by an SHG microscope using Gaussian beams with complex po-
larizations and with the ability to probe non-normal incidence
waves using perhaps reflective objective.

Density functional theory was used to predict the frequency
dispersion of the SHG coefficients as plotted in Figure 4a—f. The
momentum-space dispersion of SHG contributions in the long
wavelength limit for the conventional cell and a monolayer are
shown in Figure S14 (Supporting Information);*?! the bulk theo-
retical spectra in Figure 4a—f are averaged over the Brillouin zone.
Overall, the SHG coefficients calculated from first-principles are
in reasonable agreement with the experimental values, being
within a factor of two for most of the coefficients. For materials
discovery this is usually sufficient to identify promising candi-
dates, which is one of the goals of this work. However, the rela-
tively large underestimation at 2 pm fundamental wavelength of
the d;s and d,; at 3x and 3.7X smaller, respectively, than exper-
iment suggests that the independent particle approximation is
phenomenologically lacking. Our hypothesis is that the van der
Waals layered structure of SnP,Se, encourages planar confine-
ment of excitonic states. In a fully connected material, Wannier
excitons would be expected to delocalize more in the c-direction,
which may explain why the d;; coefficient is the most under-
predicted. Unfortunately, including excitonic effects in ab ini-
tio calculations via the Bethe—Salpeter equation for linear opti-
cal properties comes with immense computational cost, which
is further amplified by the finer Brillouin zone grids required
for converged sampling of momentum-space dispersion of SHG
contributions.>*>7]

It is known that in bulk semiconductors, excitonic states
shift the oscillators to lower energies which increases the non-
resonant SHG response.[®! Furthermore, there have been a
number of experimental observations of large SHG responses
from monolayers of 2D materials.>*>*%°] However, in the case of
SnP,Se, DFT predicts that the static SHG tensor elements (d,;,
d,,, d5;) show a reduction in the magnitude from bulk to mono-
layer roughly in line with the expected 3x reduction from the
lower density of states in Table S3 (Supporting Information)!3?!
and momentum-space dispersions. The reduction in d,; from
bulk to monolayer highlights the importance of inter-layer exci-
tation despite weak ground state interactions.

2.6. Phase Matching
For efficient conversion from fundamental frequency to sec-

ond harmonic frequency, the phase-matching condition is an
important parameter to consider. In an ideal phase-matching
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Figure 4. SHG coefficients and phase matching in SnP,Seg: a—f) the variation of complex SHG coefficients (dj) as a function of energy (hw), calculated
from first-principles theory. Experimental values of |dj| coefficients are marked with a violet star (4” = 1550 nm generating resonant SHG at 220 =775
nm) and green star (non-resonant A = 2000 nm generating non-resonant SHG at 42® = 1000 nm). Phase-matching angles for type-l g) and type-Il h)
configurations are plotted as a function of the fundamental wavelength (4). The insets illustrate the phase-matching angle in relation to the refractive

index ellipsoids.

condition, the second harmonic wavevectors will interfere con-
structively with one another. Considering the single crystal as a
parallel slab, interaction with the fundamental light at each point
source should generate an SHG response. However, dispersion
of the material will generally cause a phase difference between
the second harmonic wave vector generated at each point source.
Thus, the real part of the refractive indices at the fundamental
and second harmonic wavelength should be equal to achieve a
condition where the second harmonic light constructively inter-
feres as it propagates through the crystal.l®!]

For a birefringent crystal, there can be two types of phase
matching methods, which are called type-I and type-II. The two
generated SHG photons have the same polarization for type-I,
whereas, in type-II phase matching, they have orthogonal polar-
izations. For a negative uniaxial material, the type-I phase match-
ing can be achieved by measuring a phase-matching angle, 8,,
defined with respect to the optic axis, which is parallel to crys-
tallographic ¢ axis for SnP,Se, (Figure 4g.). To achieve type-I
phase matching, a negative uniaxial crystal satisfies the condi-
tion of n” = n” (,,). For type-1I phase-matching, the condition
tosatisfy is n” + n® (6,,) = 2n>* (8,,). The refractive indices were
fitted with the Cauchy relationship, the energy range starting
from the band edge. Considering the Cauchy model, the phase-
matching angle was calculated for both type-I and type-II condi-
tions (Figure 4g,h). This investigation shows the potential possi-
bility of type-I and type-II phase matching for these single crystals
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in the non-resonant IR range. The phase-matchability of SnP, Se,
single crystal could facilitate its utilization in optical parametric
amplifiers (OPA).[62]

2.7. Laser Damage and Thermal stability

The laser-induced surface damage threshold (LISDT) has been
measured for the SnP,Se, single crystal by exposing the sample
at different incident fluences with a 1 MHz 100 fs laser with a
2000 nm wavelength. We have observed the sample under the
optical microscope after irradiating under different fluences for 1
min. The optical microscopy images before and after the sample
damage at the lowest possible fluence are shown in Figure S8a,b
(Supporting Information).®?] Based on this, we have calculated
the LISDT of this single crystal to be 35+5 GW cm~2. With ap-
propriate surface antireflection coatings, the damage threshold
could potentially be higher. Thermogravimetric analysis (TGA)
measurement (Figure S5, Supporting Information)(3?! indicates
that the highest operating temperature without thermal degrada-
tion is 350°C.

3. Conclusion

In summary, the novel 2D vdW semiconductor SnP,Se; in
its bulk single crystal form exhibits an extraordinarily high
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non-resonant second-order nonlinear SHG coefficient of d;,
= —222430 pm V7! at a fundamental wavelength of 2000
nm, which is & 7 X greater than that of the commercially
available NLO material AgGaSe,, with a similar bandgap. The
full SHG tensor has been quantitatively determined, noting
that the presence of antipolar domains might have further
led to an underestimation of the SHG tensor reported here.
The first principles calculations provide insights into the elec-
tronic and structural properties, and are in reasonable agree-
ment with the experimental SHG coefficient measurements.
Furthermore, SnP,Se, is capable of both type-I and type-II
phase matching across a broad spectral range, and a high laser-
induced surface damage threshold. These outstanding proper-
ties highlight SnP, Se, to be a highly promising nonlinear optical
crystal.

4. Experimental Section

Synthesis:  The following reagents were utilized in their as-received
states: tin powder (Sn, 4N purity, American Elements), phosphorus pow-
der (P, 4N purity, Sigma—Aldrich), selenium shot (Se, 5N purity, Sigma—
Aldrich), and selenium tetrachloride (SeCl,, Sigma—Aldrich). Phosphorus
and selenium were loaded in their stoichiometric ratio to prepare P,Ses
into a fused silica tube with 14 mm and 18 mm inner and outer diame-
ters, respectively. Subsequently, the tube was sealed under a vacuum of
3.2 x 1073 mbar using an oxy/natural gas torch. The tube was loaded into
a computer-controlled furnace, gradually heated to 500 °C over 18 h, held
at this temperature for 72 h, and then cooled to room temperature over 8
h. Further, Sn, Se, and as-synthesized P,Ses were loaded in their stoichio-
metric ratio to pre-synthesize SnP,Seg into a fused silica tube with 14 and
18 mm inner and outer diameters, respectively. Subsequently, the tube was
sealed under a vacuum of 3.2 x 1073 mbar using an oxy/natural gas torch.
The tube was loaded into a computer-controlled furnace, gradually heated
to 350 °C over 12 h, held at this temperature for 24 h, and then cooled to
room temperature over 8 h.

SnP,Ses Crystal Growth: SnP,Seq crystals were grown using the
Chemical Vapor Transport (CVT) method in a two-zone furnace. Pre-
synthesized polycrystalline SnP,Seg materials (2 g) were initially combined
with transport agent SeCl, (30 mg) and loaded into a fused silica tube
with 16 mm and 18 mm inner and outer diameters, respectively, and a
length of 30 cm. The mixture was sealed under vacuum conditions using
an oxy/natural gas torch. The CVT growth process involved two temper-
ature zones: Source Zone (380 °C): The mixture was placed in this zone.
Over 12 h, the temperature was gradually increased to 325 °C and held
there for 12 h. Subsequently, it was heated to 380 °C over 3 h and main-
tained for 170 h. Finally, the temperature was reduced to ambient levels
over 6 h. Deposition Zone (325 °C): SnP,Seg crystals obtained in this zone.
The heating process followed a similar pattern: 12 hto 380 °C, 12 h holding
time, 3 h to 325 °C, 170 h holding time, and cooling to ambient tempera-
ture over 6 h. Notably, these SnP,Seq crystals were characterized directly
without any further processing steps. The resulting crystals exhibit uniform
surface morphology, making them suitable for NLO-SHG measurements.

Crystal Structure Characterization: X-ray diffraction (XRD) patterns of
CVT crystals and crystal powder were obtained using a Rigaku Miniflex600
X-ray diffraction system equipped with a Dtex silicon 1-D detector. The
Cu Ka radiation (wavelength A = 1.5406 A) was generated by applying a
voltage of 40 kV and a current of 15 mA. The radiation was filtered with
a graphite -monochromator and a Kp foil filter. A zero-background sili-
con holder was used for the measurements. The UV-vis—NIR spectrum
(shown as Tauc plots) in transmittance mode was collected at room tem-
perature using a SnP,Seg crystal on a Cary 5000 UV-vis—NIR double-beam
spectrophotometer with a monochromator. An empty substrate was used
as the reference for the baseline measurement.

Linear Optical Properties: The linear optical properties of SnP,Seg sin-
gle crystals were investigated using UV-vis spectroscopy (Agilent UV-
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VIS-NIR Spectrophotometer) and Fourier transform infrared (FTIR) spec-
troscopy (Bruker Vortex 80 with HgCdTe detector) across the spectral
ranges of 0.25-2 and 2-16 pm, respectively. Both spectroscopic measure-
ments were conducted by mounting the single crystal samples facing the
crystallographic ¢ direction toward the beam on to the integrating sphere
in transmission and reflection geometries. In FTIR, the data was compared
with the reference spectrum in the air (for transmission) and gold (for re-
flection). Ellipsometry measurements were conducted to determine the
real and imaginary parts of the refractive index (n and k) within the 0.2-1
um spectral range. Data were collected in two sample configurations, with
the optic axis oriented both parallel and perpendicular to the plane of in-
cidence. The data were simultaneously fitted to extract the corresponding
oscillators, allowing the determination of n and k from the experimental
parameters. Additionally, the ordinary (n,) and extraordinary (n,) refractive
indices were derived from the two experimental geometries.

SHG Polarimetry:  SHG is a nonlinear optical process in which two
photons at a fundamental frequency (w) combine to produce a photon
with double the frequency (2w). In a nonlinear optical material, the in-
duced nonlinear polarization, P??, at frequency 2w, is related to the in-
cident electric field, E®, at frequency w, through the second-order optical
susceptibility PI.Z“’ = dg‘kfi-j”EZ’~[43] Here, the indices (i, j, k) represent the po-
larization directions in Cartesian coordinates. SHG experiments were per-
formed using transmission geometry with a 2000 nm fundamental laser
beam (Spirit Nopa, 100 fs, 1 MHz). The measurements were performed in
transmission geometry under normal and oblique incidences. The trans-
mitted SHG field was then split into p-polarized (X) and s-polarized (Y)
components using an analyzer and detected using a photomultiplier tube.
In the experimental geometry, SHG polarimetry was measured in two con-
ditions where crystallographic Z; ||[0170] and Z, ||[2710] were perpendicu-
lar to the plane of incidence (Z3]|[0001]). For SHG polarimetry, the nonlin-
ear optical intensity was measured as a function of the incidence angle of
the linearly polarized light (E” = (E”cos y, E?siny, 0),). To determine the
NLO coefficients, an SHG polarimetry experiment was conducted, with the
results subsequently fitted and analyzed using the open-source #SHAARP
software.[>12]

SHG Microscopy: The SHG microscopy measurements were per-
formed in reflection geometry in normal incidence with an 800 nm fun-
damental laser beam (Spectra-Physics Ti: sapphire source 80 fs, 80 MHz).
A dichroic mirror separates light at 2w from the fundamental beam (w).
The objective of the microscope had a numerical aperture of 0.40.

First Principles Calculations: Theoretical calculations were performed
within the ab initio software package GPAWI364] (version 24.7.0b1-
252d1fd17a). First, ground state calculations were performed using Den-
sity Functional Theory (DFT) with the Perdew—Burke—Ernzerhofl®®] (PBE)
functional and its corresponding pseudopotential set included with GPAW
(v0.9.20000). The Atomic Simulation Environment!®¢] (ASE) (version
3.23.1b1-411c521370) was used for calculation workflow automation, cre-
ation of band structures, and plotting of band paths in the Brillouin zone
(BZ). DFT calculations were performed with a planewave cut-off of 600
eV, an augmentation grid with 2X the linear density of the planewave grid,
I'-centered k-point grids, and with an electronic eigenvalue convergence
criterion of 1077 eV.

For ground state self-consistent (SCF) calculations, an additional
charge density convergence criterion of 107> electrons per valence elec-
tron was enforced. The rhombohedral primitive cell (s =b=¢=7.58916, a
= f =y =49.2237°) containing one formula unit of SnP,Seg was cut from
experimentally determined hexagonal conventional cell for ab initio calcu-
lations. Ground state SCF calculations were performed with an 8 x 8 x 8
k-grid. Atomic orbital projected density of states calculations and optical
properties calculations were performed starting from non-self-consistent
(NSCF) calculations, where the linear k-grid density was doubled for a 16
% 16 X 16 k-grid. Relaxations were terminated when no forces exceeded 5
meV/A.

The high-symmetry k-path through the BZ used for the NSCF elec-
tronic band structure calculation follows the AFLOW standard.[®”] For op-
tical properties, the NSCF calculations were performed ensuring conver-
gence of bands 40 eV above the conduction band minimum, requiring
6x the number of bands in the ground state calculations. Calculation of
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the frequency-dependent response spectra, the dielectric and SHG ten-
sors, were performed within the length-gaugel>*%%] using the independent
particle approximation (i.e. sum-over-bands approach) with an oscillator
smearing (1) of 20 meV. To ensure only converged bands were included
in the summation, the summation was limited to a maximum frequency
of 40 eV. A scissor shift of 0.85 eV was applied to correct for the bandgap
under-prediction by DFT. The response spectra at each of the k-points in
the fine BZ grid were computed independently and subsequently averaged
to obtain the bulk values. Since the response spectra can be computed in-
dependently for each k-point, the k-space dependence SHG contributions
was visualized by plotting the static (w — 0) second order polarizabil-
ity, ;(U(.E), along the high-symmetry path normally used for the electronic

band structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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