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Ultrafast Shift Current in SnS, Single Crystals: Structure
Considerations, Modeling, and THz Emission Spectroscopy

Kateryna Kushnir Friedman,* Sepideh Khanmohammadi, Erin M. Morissette,
Curtis W. Doiron, Roy Stoflet, Kristie J. Koski, Ronald L. Grimm,
Ashwin Ramasubramaniam, and Lyubov V. Titova*

Above-band gap optical excitation of non-centrosymmetric semiconductors
can lead to the spatial shift of the center of electron charge in a process
known as shift current. Shift current is investigated in single-crystal SnS,, a
layered semiconductor with the band gap of ~2.3 eV, by THz emission
spectroscopy and first principles density functional theory (DFT). It is
observed that normal incidence excitation with above gap (400 nm; 3.1 eV)

pulses results in THz emission from 2H SnS, (P 3 m1) polytype, where such
emission is nominally forbidden by symmetry. It is argued that the underlying
symmetry breaking arises due to the presence of stacking faults that are
known to be ubiquitous in SnS, single crystals and construct a possible
structural model of a stacking fault with symmetry properties consistent with
the experimental observations. In addition to shift current, it is observed THz
emission by optical rectification excited by below band gap (800 nm; 1.55 eV)
pulses but it requires excitation fluence more than two orders of magnitude
higher to produce same signal amplitude. These results suggest that ultrafast
shift current in which can be excited with visible light in blue—green portion of
the spectrum makes SnS, a promising source material for THz photonics.

1. Introduction

Above-gap photoexcitation of a non-centrosymmetric semicon-
ductor where the real-space center of charge for the valence bands
differs from that of the conduction bands can give rise to a
shift current, a spatial charge transfer of the order of the bond
length.'7] 1t is a second-order nonlinear optical effect that is

governed by the same symmetry rules as
optical rectification. While it is sometimes
termed above-band-gap rectification, it is a
distinctly different process: the shift cur-
rent involves real carriers generated by
interband excitation while optical rectifica-
tion results from polarization of virtual car-
riers and occurs for all photon energies.
With sub-picosecond duration of the opti-
cal excitation, both optical rectification and
shift current can result in emission of elec-
tromagnetic pulses in the terahertz (THz)
frequency range. For above-gap excitation,
the shift current significantly outweighs
the rectification current and is a dominant
contribution to the second-order nonlinear
response.[238]

Study of THz emission provides a view
into the symmetry properties of materials
and, in the case of above-gap excitation,
into the nature and dynamics of ultrafast
photoexcited current. Even when a material
is nominally centrosymmetric, inversion
symmetry breaking at the surface or at internal interfaces (e.g.,
grain boundaries and stacking faults) can result in second-order
nonlinear responses allowing, for example, targeted investiga-
tion of the photocurrents that involve topological surface states
in topological insulators Bi,Se; and Bi,Te,.12] Another class of
materials where THz emission spectroscopy has been applied to
probe nonlinear optical properties is transition-metal dichalco-
genides (TMDs) of the formula MX,, layered 2D semiconductors
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Figure 1. Structure of SnS,: a) a top view of the basal plane; b,c) stack-
ing sequences for 2H (P3m1) and 4H (P6;mc) polytypes; d) structural
model of stacking faults with P3m1 symmetry. (Sn: grey spheres; S: yellow
spheres).

with van der Waals (vdW) interactions between the layers.['*-17]
In a prototypical TMD material, MoS,, trigonal prismatic coordi-
nation exists between the Mo and S atoms. It does not have in-
version symmetry in a monolayer form and exhibits second-order
nonlinearities.['”* In a naturally found and most commonly ob-
served phase of MoS,, known as 2H-MoS,, bulk inversion sym-
metry is restored by layer stacking and experimentally observed
shift current response arises solely in the surface layer.['>77] In
other members of layered MX, TMDs, such as TiS, and TiSe,,
Z1S,, VSe,, and SnS,, chalcogenide atoms in a single layer do not
stack directly above one another but are staggered, resulting in
octahedral rather than trigonal coordination.!'820-22] [n this case,
monolayers possess inversion symmetry, ruling out second-order
nonlinear effects such as the shift current or optical rectification.
However, different possible stacking sequences in bulk single
crystals of these MX, materials can produce different structures,
or polymorphs, including those that are noncentrosymmetric.!?*]

Here, we focus on SnS,, an earth-abundant 2D layered TMD
with a band gap in the visible range of spectrum (~2.3 eV), good
environmental stability and high carrier mobility, that has al-
ready attracted attention as a material for photo-electrochemistry
and field effect transistors.[2228] The SnS, multilayers can
exist in different polytypes, characterized by distinct stack-
ing sequences.”?-2] Most common polytypes are 2H and 4H
(Figure 1) in the Ramsdell notation. It should be noted here
that the accepted polytype nomenclature for MoS, and SnS, dif-
fer, and the structure designated as 2H for SnS, is known as
1T for MoS, and gives rise to metallic MoS,.?334 In 2H SnS,
(Figure 1b), a unit cell has two sulfur layers, and the stacking se-
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quence is [(aBc)], when viewed along [110] direction where lower
case letters label S atoms, and capital letters label Sn atoms. This
phase is characterized by P3m1 space group (no. 164) which pre-
serves inversion symmetry of the monolayer. Another common
polytype, 4H (Figure 1c), is non-centrosymmetric and character-
ized by the P6;mc space group (no. 186).1*) In addition, 18R poly-
type has also been observed but it is centrosymmetric (R3m space
group 166).53]

The polytype composition in SnS, single crystals grown by
chemical transport is determined by synthesis conditions, viz.
growth temperature and the choice of transporting agent, al-
though the exact phase diagram for formation of the different
polytypes has not yet been established.3>"] For different car-
rier agents such I, or Snl,, growth at temperatures above 800
°C produces predominantly 4H SnS,, while the crystals grown
at low temperatures (< 600 °C) temperature tend to have 2H
stacking.*>%] In addition, when Snl, is used as a transporting
agent, 18R polytype is frequently observed at intermediate tem-
peratures (=700 °C), but it is rare in crystals grown with I,.1] At
intermediate temperatures, different polytypes can coexist, sep-
arated by strain-free stacking faults.’>%°] Stacking disorder and
intergrown polytype domains have also been observed in other
single crystalline TMDs such as MoS,, MoSe,, and WSe,.[384]

Recent reports demonstrated THz emission in response to
non-resonant, sub-gap excitation of single crystal SnS, and pro-
posed optical rectification as the mechanism.[*1*2] However, the
relationship between nonlinear optical properties of SnS, and its
crystal structure remains an open question. In this study, we re-
port on THz emission in single crystalline SnS, excited at normal
incidence with both above bandgap (400 nm) and below band gap
(800 nm) laser pulses. While the symmetry properties of both ef-
fects is the same, resonant, above-gap excitation results in emis-
sion that is more than two orders of magnitude larger for sim-
ilar excitation fluence, suggesting an ultrafast shift current as a
source.l*] While the structural characterization of the sample re-
veals the centrosymmetric 2H polytype, the symmetry properties
of the THz emission are consistent with those of the shift-current
tensor for a non-centrosymmetric P3m1 structure, as confirmed
from first principles density functional theory (DFT). We argue
that the presence of stacking faults that are known to be ubig-
uitous in SnS, crystals results in local breaking of the inversion
symmetry that gives rise to the ultrafast shift current in the basal
plane of SnS, layers and construct a possible structural model
of stacking faults that can have symmetry properties matching
experimental observations (Figure 1d). These findings highlight
the capability of THz emission spectroscopy to detect disorder
in single crystals. They also suggest that above-gap excitation of
SnS, in blue—green visible range is promising for efficient, ultra-
thin shift-current THz emitters as well as for shift-current pho-
tovoltaic devices.[*]

2. Experimental Results

2.1. SnS, Structure

Two-zone chemical vapor transport as in Figure 2a yielded single-
crystal SnS, flakes that were 1-10 mm wide and several microns
thick. Annotated peaks in a characteristic X-ray diffraction (XRD)
spectrum (Figure 2c) align with known features that support the
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Figure 2. a) Schematic of CVT growth. b) Resulting SnS, single crystals. c) XRD diffraction. XPS spectra in d) Sn 3ds, region and e) S 2p region. f)

Raman scattering spectrum.

synthesis of phase-pure SnS, with no deleterious contributions
from polymorphs such as SnS or Sn,S;. Single crystal diffrac-
tion identified the crystals as the 2H phase (space group P3m1)
with lattice constants a = 3.6466(10) A, b = 3.65466(10) A, ¢ =
5.890(2) A, and a = 90° § = 90°, y = 120°. This is confirmed by
Rietveld refinement of powder X-ray diffraction data (Figure 2c¢)
using MAUD,*! which finds a = 3.63(1) A and ¢ = 5.894(1)
A. Peak broadening, beyond instrumental linewidth broadening,
in the powder XRD is consistent with defects such as stacking
faults.[*>*] The presence of stacking faults is apparent in XRD
both from peak shifts and more from peak broadening.*—]
SnS, is well-known to be susceptible to stacking faults, like most
van der Waals materials.[*®] To determine the average crystallite
thickness within each stacking fault, we can perform a Debye—
Scherrer analysis similar to analysis by Anitha et al.l*’] specifi-
cally on the (001) peaks which corresponds to the d-spacings in the
stacking direction. The crystals themselves are thick, with thick-
nesses on the order of microns to tens of microns (Figure 2b).
The average crystallite thickness from XRD, which is approxi-
mately the average stacking fault thickness, was calculated as 93—
121 nm from two single crystal samples using the (00l) peaks and
from the Debye—Scherrer formula (Eq 1) after stripping the XRD
powder pattern of the ka, contribution.[*]

kA
pcosb

1)

where « is the shape factor (0.94), A is the wavelength of the Cu
ka source (A = 1.54178 A), @ is the Bragg angle, and § is the full
width at half maximum value calculated considering the intrin-
sic linewidth of the XRD instrument determined from a NIST
calibration sample of lanthanum hexaboride. A thickness of 93—
121 nm from the XRD from crystals that are clearly microns thick
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suggests stacking faults with an average spacing of approximately
110 nm.

X-ray photoelectron spectroscopy (XPS) results support the
synthesis of SnS,. We ascribe a single feature centered at 486.6
eV in the Sn 3d; , region to modestly oxidized Sn** as expected
for SnS, (Figure 2d) with no demonstrable contribution from
highly oxidized Sn** attributable to SnO,, from Sn*? from SnS
or Sn,S;, or from reduced Sn° metal. Features in the S 2p regions
(Figure 2e) are well described by a single p-type doublet with no
observable contributions from oxidized sulfur species at higher
binding energies. XP spectra showed no interfacial iodine based
on an absence of ascribable I 3d features. Notably, XP spectra of
the O 1s region only demonstrated features with peaks between
533 and 531 eV that would be due to adventitiously adsorbed or-
ganics, rather than any Sn—O that we would expect to have a peak
binding energy below 530 eV. In concert, the XRD and XPS re-
sults support the synthesis of high-purity SnS, with no interfacial
oxidation.

Figure 2f shows a representative Raman spectrum of the sin-
gle crystal SnS, material. Reports on the 2H and 4H polytypes
elsewhere revealed subtle differences in Raman modes that can
be used in polytype identification.[21244] Specifically, while the
spectra of both structures are dominated by a feature near 315
cm™ (A}, mode for 2H and a mixture of A; and E modes for 4H),
weaker modes near 200 cm~! differ between polytypes. The 2H
polytype has a single E, mode at 205 cm™" while the 4H polytype
exhibits a doublet at 200 and 214 cm™! due to the E-mode.[212449]
In our case, we see a rather broad feature centered at 206 cm™
and extending from 185 to 220 cm™'. While it suggests that the
2H phase is the dominant contribution, broadening of the peak
linewidth is consistent with stacking faults that are known to oc-
cur in SnS, or from anharmonic effects [2435°% In addition, Bril-
louin scattering spectra are presented in Supporting Information
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Figure 3. Schematics of a) TRTS and b) TES experiments. c) Example TRTS and TES data, collected for the 400 nm, 110 pj cm~2 pump beam polarized
along the THz detection (6,ump=0°) and two different sample orientations, with the angles defined in (d).

which show spectral rotation symmetry consistent with a hexag-
onal phase of SnS, and identify a set of strong peaks that likely
originate from the significant reflections resulting from defects
and stacking faults.

2.2. Time-Resolved THz Spectroscopy

Photoexcitation with above-gap (400 nm) optical pulses injects
free charge carriers, as time-resolved THz spectroscopy (TRTS)
demonstrates in Figure 3. Figure 3a illustrates the TRTS experi-
ment, in which SnS, crystal is excited at normal incidence with
400 nm, 100 fs pulses, and the resulting changes in conductiv-
ity are interrogated by time-delayed THz pulses in transmission
geometry. Probe THz pulses have spectral bandwidth spanning
0.25-2.5 THz (1-10 meV) and are strongly absorbed by the free
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charge carriers present in the sample. Analysis of the changes
to the transmitted THz pulses in response to the photoexcitation
yields information on transient photoconductivity.>!! If the pho-
toexcited sample itself is a source of THz emission, the signal
reaching THz detector contains both the probe THz pulses gen-
erated in Zn'Te source as well as those generated in the sample.
It is possible to isolate THz emission in the sample by blocking
the THz probe beam, effectively converting TRTS experiment to
THz emission spectroscopy (TES), as shown in Figure 3b. The
example traces of the changes in transmission of the THz probe
pulse peak as a function of delay between the pump and the probe
pulses for two different orientations of SnS, crystal are shown in
Figure 3c (black curves). Same graphs also show THz emission by
the sample itself for a particular sample orientation. THz emis-
sion occurs at the same time as photoconductivity increases in
response to photoexcitation. The bottom graph in 3c shows that
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Figure 4. a) THz waveforms emitted by the SnS, crystal in response to photoexcitation with 400 nm, 100 fs pulses with the fluence indicated in the

legend. The excitation beam is polarized along the THz detection axis (@

pump =

0°). The corresponding amplitude spectra at selected pump fluence

values are shown in (b). c) Peak THz electric field as a function of fluence up to 400 p cm~2. d) THz waveforms emitted by the same SnS, crystal in
response to photoexcitation with 800 nm, 100 fs pulses with the fluence indicated in the legend. The corresponding amplitude spectra at selected pump
fluence values are shown in (e). f) Peak THz electric field for 400 nm excitation and for 800 nm excitation as a function of fluence. Symbols in (c,f)
represent experimental data, and the solid lines—linear fits to the data up to 400 u) cm~2 range for 400 nm, and in the full studied range for 800 nm.

the THz waveforms emitted by SnS, change polarity when the
sample is rotated by 180°, as will be discussed in detail later. In
the TES experiment, detected THz emission component is de-
fined by the orientation of Zn'Te detector crystal as well as by the
wire-grid polarizer placed before it and is fixed, but the sample
orientation and the linear polarization of the excitation beam can
be controlled independently, the former by rotation the sample
on the sample stage, and the latter by rotating a half-wave plate
placed in the beam (Figure 3d).

TRTS can characterize transient photoconductivity dynamics
in SnS, following 400 nm excitation (Figure S1, Supporting In-
formation). We find that excitation results in injection of free car-
riers that eventually get trapped at defect states and recombine
over tens of picoseconds time scales, regardless of sample orien-
tation relative to the THz probe pulse polarization. We also find
that after the initial several picoseconds when both the THz probe
pulse and THz emission from the sample co-propagate, charge
carrier behavior is well described by the Drude model for free,
non-interacting electron gas. The average carrier scattering time
of 52 + 2 fs and the effective mass value of m" = 0.375m,.1] yield
high mobility of 250 + 10 cm? V~! 571, in close agreement to
prior reports, and provide further evidence that SnS, is highly
crystalline.[242]

2.3. THz Emission Spectroscopy
As above bandgap excitation with 400 nm (3.1 eV) laser pulses

with 110 uJ cm~? fluence at normal incidence results in emis-
sion of THz pulses (Figure 3), and prior studies have uncovered
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similar emission with below band gap (800 nm) excitation at
much higher (>1.2 m] cm™2) fluence,"*! we present THz
emission properties of SnS, single crystal excited with both
800 nm and 400 nm with excitation fluences varying over the
large range (22 pJ cm™-14 m] cm™) in Figure 4. While 400
nm excitation results in THz emission at fluence as low as 22
yJ cm~2 (Figure 4a,b), two orders of magnitude higher excitation
fluence is needed to observe the onset of THz emission under
non-resonant, 800 nm, excitation (Figure 4d,e). The bandwidth
of the observed emission extends to ~#3 THz for both excitation
wavelengths, with emission peaked at 0.6 THz and FWHM of
0.7 THz. The bandwidth is independent of the excitation fluence
for 800 nm and up to ~1.3 mJ cm~2 for 400 nm. For 400 nm,
temporal shape of the emitted pulse slightly changes as higher
frequency contribution (>1.5 THz) increases at high fluences,
possibly owing to the nonlinear effects of order higher than 2.
The spectral bandwidth of the 1 mm thick ZnTe detector crystal
(< 3THz) limits our ability to rigorously reconstruct the temporal
behavior of the phenomena responsible for the THz emission,
which requires a detector with the bandwidth exceeding the true
spectral bandwidth of the emitted radiation.[*! We can nonethe-
less investigate symmetry and excitation fluence-dependent
properties of THz generation. Fluence dependence of the peak
of the emitted THz waveform is presented in Figure 4c,f. The
peak of the emitted THz waveform can be fit to a linear function
for 800 nm excitation over the entire studied fluence range, and
for 400 nm at fluences < 500 pJ cm~2. Sub-linear behavior of
the emitted waveform peak at higher fluence values might also
indicate higher-order response or can result from attenuation
of transmitted THz pulses by high density of photogenerated
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Figure 5. Dependence of THz emission from SnS, crystal following opti-
cal excitation with 400 nm, 220 ) cm~2 pulses, linearly polarized along
THz detection direction (0, = 0°), on sample orientation. a) Wave-
forms at four different orientations, b) peak electric field as a function
of O 4mpier and the corresponding polar plot of emission amplitude (c).
In (b), points are experimental data and the dashed line is the fit of the
experimental data to Epeat (Osample) = Eo€0S(38sampte — 00 sample)-

charge carriers as reported earlier in aligned carbon nanotube
arrayst®* and in photoconductive THz sources.l>>7]

We have examined multiple crystals from different growth
runs, and find that their properties viz. THz emission, its band-
width and symmetry properties are the same (Figure S2, Support-
ing Information).

The symmetry properties of the observed THz emission in re-
sponse to 400 nm excitation are examined in Figure 5. We find
that the polarity of the emitted waveforms reverses every 60°, and
as a result the waveform shape, including polarity, is fully repro-
duced every 120°. Plotting the peak of THz pulse as a function of
sample orientation (6,,,,), we find that it fits well to E,..; (0p1c)
= E, c08(30umpic — 0o sampic), Where 6y i, = 6+ 1° is the offset
between the high symmetry axis in the crystal and the THz detec-
tion axis (Figure 3d). Non-resonant excitation at 800 nm has the
same symmetry properties (Figure S3, Supporting Information).

We also find that the emission depends on the linear polariza-
tion of the excitation, as shown in Figure 6 for the sample orienta-
tion set to 0,,,,, = 0°. Here, we find that the polarity of emission
changes when the polarization of the excitation is rotated by 90°.
The dependence of the peak of the electric field can on pump
polarization can be described by E E, cos(20

‘peak (gpump) = pump
O, pump)s With 0y = — 20 £ 5°.

3. Discussion and DFT Modeling

Experimental data unambiguously show that excitation of single
crystal SnS, with both above band gap, 400 nm, or below band
gap, 800 nm, pulses, results in THz emission. With the linearly
polarized excitation and detection at normal incidence (Figure 3)
we can only detect THz emission due to the real or polarization
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Figure 6. Dependence of THz emission from SnS, crystal following op-
tical excitation with 400 nm, 220 u) cm~2 pulses on the direction of the
pump linear polarization (6, = 0°), with the sample orientation fixed
at Oggmple = 0°. @) Waveforms at four pump polarizations, b) peak electric
field as a function of 64,y and the corresponding polar plot of emission
amplitude (c). In (b), points are experimental data, and the dashed line is

the fit of the experimental data to E,, . (0 = Eqcos(20

peak pump) pump ~ HO,pump)'

currents parallel to the crystal surface, ruling out photo-Dember
effect, photon drag, or emission due to drift of photoexcited car-
riers in built-in fields that are normal to the surface.l”58-%1) In the
absence of an external in-plane bias, we have to consider second-
order nonlinear processes as possible mechanisms behind the
observed THz emission. A single color, linearly polarized exci-
tation precludes injection current.l®”) As the excitation fluence
study (Figure 4) reveals, above-gap excitation with 400 nm pulses
results in THz emission at fluence as low as 22 uJ cm™2, while
a two orders of magnitude higher excitation fluence is needed
to observe the onset of THz emission under non-resonant, 800
nm, excitation, in good agreement with prior reports.[*?] Emis-
sion in response to 800 and 400 nm excitation share the same
symmetry properties under crystal rotation (Figure S3, Support-
ing Information), leading us to conclude that optical rectification
is responsible for non-resonant THz excitation, while the shift
current provides a dominant contribution to THz generation in
response to above-gap excitation. At the same time, both of those
second-order effects are precluded by the inversion symmetry of
2H of SnS,, leaving the possibility of symmetry breaking by de-
fects such as stacking faults as a plausible explanation.
Additional insight into the observed THz emission can be
obtained via first principles DFT calculations. As shift current
results in THz emission at much lower excitation fluences com-
pared to optical rectification, and it therefore a more promising
avenue for development of THz photonic devices under visible
excitation. Thus, we focus on shift current in DFT modeling,
noting again that the two effects share symmetry properties.
As noted before, the 2H phase (P3ml; space group 164) is
centrosymmetric, which precludes a shift-current response. The
4H phase (P6;mc; space group 186)P! lacks centrosymmetry
and may be considered as a possible candidate. With reference
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Figure 7. Shift-current tensor components of the stacking fault structural
model shown in Figure 1d (space group 156; P3m1) calculated using den-
sity functional theory. A top view of the basal plane and the choice of Carte-
sian axes is indicated in the inset. Only those tensor components that
contribute to the in-plane shift current (J,, J,) under normal incidence are
displayed here.

to the Cartesian coordinate system indicated in Figure 7, the
independent, non-zero components of the shift-current tensors
for the P6;mc (space group 186) are (in Voigt notation)/®l ¢, =
Oz Oupy = Oy O,y The shift current is given in component
formas J;= o EE (i, ], k = x,y, z; sum implied) from which it
is clear that for a pump pulse polarized in the basal (x—y) plane
of the crystal, as is the case in the experiments reported here
(Figure 3d), the P6;mc phase will only have an out-of-plane (J,)
response that is not detectable in the experimental setup. The
in-plane components (], and J;) of the shift-current that would
lead to the detected THz emission are identically zero. The
same arguments apply for the crystal-air interface at the surface,
where only the out-of-plane response J, is possible Thus, we
are led to consider the possibility of stacking faults that break
inversion symmetry of the 2H phase locally being the cause for
THz emission excited at the normal incidence.

Given the observed symmetries of the experimental signal, we
constructed a structural model with stacking faults (Figure 1d)
that displays overall P3m1 symmetry. For the P3ml phase, the
non-zero components of the shift-current tensor arel®l o, =
Opx =05 Ory =0, 5 0, =0, 56,19 The in-plane com-
ponents of the shift currents are then J, = 20,,,E.E, and ], =
0, B2+ 0, E; = 0, (B2 — E;). When the linear polarization of
the pump pulse (6,,,,,) is rotated, keeping the crystal orientation
(0ample) and the detection direction (Ery, direction in Figure 3d)
probe fixed, J, = o,E; sin(20,,,,) and |, = o,E; cos(20,,,,), 0
being the angle between the pump polarization and the x-axis,
and we have seto,,, = 0,,, = -0, = 0, The measured THz
electric field component along the detection direction is thus
given by Ery,(0,,,,,)xcos (20,,,,, — 6,), where 0, is an arbitrary
offset relative to the crystallographic axes, and is fourfold sym-
metric, as observed in the experiments (Figure 6). On the other
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hand, when the pump polarization is fixed (0,,,,, = const) and
the sample is rotated, the shift current component aligned with
the detection direction is given by J =], cos¢ + ], sin’ =
o, E; sin(260 + 0'), where 6 is the angle between the pump polar-
ization and the x-axis and 6’ is that between the x-axis and de-
tection direction. It then follows that the THz electric field at the
detector i8 Eryy, (0 i) oxsin (30 — 6,), which is threefold symmet-
ric, similar to that presented in Figure 5.

Figure 7 displays results from DFT calculations of the three
tensor components, o, 0., and o, as a function of excitation
energy for the P3m1 stacking-fault model (Figure 1d). The com-
plete set of calculated shift-current tensor components for the
stacking fault structural model is shown in Figure S5 (Supporting
Information). As seen from these data, the tensor components
satisfy the expected relation o,,, = 0,,, = —0,,, minor devia-
tions being attributed to numerical symmetry breaking within
the calculations. Note that the onset of the shift-current response
is not quantitatively correct due to the well-known problem of
underestimation of band gaps with semi-local functionals and
can potentially be remedied by using more accurate exchange-
correlation functionals.[**%] Specifically, the (indirect) DFT band-
gap is ~1.30 eV while the smallest direct gap (relevant to vertical
transitions) is #1.56 eV, which is close to the observed onset of
the shift-current response in Figure 7. In experiments, the excita-
tion (400 nm) is approximately 0.6 eV above the actual band gap
and so, in Figure 7, we have restricted attention to excitations that
are up to 1 eV above the DFT band gap. Irrespective of the under-
estimation of the band gap in DFT, the results are qualitatively
correct and consistent with the underlying space-group symme-
tries of the stacking-fault model.

While we have not examined a host of different stacking faults
here, our model nevertheless gives credence to the hypothesis
that stacking faults could indeed be the cause of the observed
THz emission. We also recall here that changes in the stack-
ing order can break inversion symmetry and result in large
second-order nonlinearities such as second harmonic genera-
tion (SHG) in materials where the monolayers as well as the
dominant polytypes of multilayer crystals are centrosymmetric,
such as graphene trilayers.[®® Likewise, spontaneous incorpora-
tion of stacking faults in centrosymmetrically-stacked bulk lay-
ered structures of non-centrosymmetric monolayers, such as in
the case of GeSe or GeSe,S,, can result in SHG at the stacking
fault locations.[”] In our case, single crystal XRD analysis of crys-
tals that have thickness on the order of microns to tens of microns
suggested the presence of stacking faults with an average spac-
ing of approximately 110 nm. Peak broadening in powder XRD,
along with broadening of the E, Raman mode at 206 cm™!, and
the appearance of an additional set of strong peaks is seen in the
Brillouin scattering spectra (Figure S4, Supporting Information)
and that is likely caused by the significant reflections resulting
from defects and stacking faults, also all indirectly supporting
the presence of stacking disorder. In the normal incidence ge-
ometry, stacking faults that produce the same local symmetry as
the P3m1 phase of 4H polytype, which is the only phase that has
non-zero in-plane shift current tensor elements, are responsible
for the observed THz emission signal. With the absorption co-
efficient #10° cm™ in single crystal SnS, at 400 nm,! the ex-
citation pulse is mostly absorbed in ~#100 nm top layer and we
conclude that the emitted THz radiation may originate from a
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single stacking fault within the top-most layer of the single crys-
tal. In this case, crystals with sub-micron thickness can be used
as ultrathin THz emitters.

To summarize, our experiments reveal that the single crys-
talline SnS, with dominant 2H polytype structure exhibits a
second-order nonlinear effect, a shift current, that has symmetry
properties consistent with the P3ml phase. To resolve this
seemingly intractable contradiction, we hypothesize that the
stacking disorder, where strain-free stacking faults that interrupt
regions of 2H polytype, break inversion symmetry, giving rise
to shift currents in the layers that form the faults. Observation
of robust THz emission in this case underscores that THz
emission spectroscopy is a sensitive tool of crystal structure and
symmetry, able to detect localized symmetry breaking in single
crystals even when bulk measurements such as XRD or Raman
spectroscopy lack the sensitivity. This work also highlights the
possible applications of SnS,, an environmentally-stable 2D
semiconductor that can be easily exfoliated to produce ultrathin
crystals, in THz photonics.

4. Experimental Section

Sample Growth and Characterization: Chemical-vapor transport (CVT)
yielded single-crystal SnS, as described earlier.[’] Quartz ampoules made
from tubing (19 mm O.D., 17 mm I.D., G.M. Associates, Oakland, Califor-
nia) were sealed at one end, cleaned by a 1-week submersion in 10 w/v
% KOH (aq) rinsed in 18 MQ water, and oven dried at >100 °C until use.
Loading under an air ambient included 1.3 g tin (99.999% purity, 1-3 mm
pieces, Strem, Newburyport, Massachusetts, used as received), 0.75 g sul-
fur (resublimed ACS grade, 99.8%, Thermo Scientific, used as received),
and 0.20 g molecular iodine (99.999% trace metal basis, Sigma—Aldrich,
used as received). Upon loading, submersion of the bottom of the am-
poule in an ice bath helped to lower the iodine vapor pressure and mit-
igate unwanted sublimation during the evacuation and sealing process.
Tubes were evacuated through a connection to a diffusion-pump-equipped
Schlenk line with a base pressure below 1x 107 torr. Prompt sealing un-
der vacuum yielded yield ~22 cm ampoules with an iodine transport load-
ing of approximately 4 mg mL~".

CVT syntheses utilized a two-zone tube furnace. Initially, growth runs
utilized rapid heating to 800 °C at the newly sealed deposition side, and
2 °C min~! heating to 700 °C in the “source” zone. Following a 6-h soak
period of 700 °C in the source zone and 800 °C in the deposition zone, the
temperature in the deposition zone decreased directly to and remained
at 575 °C for 240 h whilst the source zone remained at 700 °C. Following
this growth period, two successive cooling steps included one 6-h step of
decreasing the temperature in the source zone at 2 °C min~" to 300 °C
while raising the temperature in the deposition zone at 2 °C min~' to 600
°C, and a second cooling step to room temperature in both zones at a
maximum rate of 2 °C min~".

XRD, XPS, and Raman spectroscopy characterized the resulting crys-
tals. Single crystal XRD was acquired on a Bruker Smart APEX Duo with
using a copper K-edge source (4 = 1.54178 Ang).

A Phi 5600 multitechnique instrument acquired XP spectra with a
monochromated Al Ka anode sorce operating at 13.5 kV and 300 W. High
resolution spectra for Sn 3d, S 2p, | 3d, O 1s, and C 1s regions utilized 25
meV steps at a 23.5 eV pass energy while wide-area survey spectra utilized
500 meV steps at a 117.4 eV pass energy. Data fitting utilized psedo-Voigt
GL(x) fitting functions where x linearly varies between 0 for a pure Gaus-
sian and 100 for a pure Lorentzian line shape. Fitting in the S 2p region
utilized spin-orbit-split doublets with a splitting of 1.16 eV, mutually iden-
tical fwhm values, and an area ratio of 0.511 between the 2p,, and the
2p;; features.

Raman spectra of the samples were obtained using an XploRa Raman
microscope (Horiba Scientific, USA) operating with a 532 nm laser. Laser
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light was focused on the sample using a 100x magnification lens from
Olympus, and an 1800 groove/mm grating was used along with accumu-
lation time of 2 s and 25 repetitions to collect the signal.

THz Spectroscopy: For TRTS, ultrashort (100 fs), 800 nm pulses
from an amplified Ti: sapphire laser (Coherent Libra®) source were split
into three beams. One was used to generate 400 nm pulses by the 2nd
harmonic generation in a 0.5 mm thick BBO crystal, with conversion effi-
ciency ~15%. A short-pass filter was used to block the fundamental beam
after the BBO. This beam was used to optically excite the sample. The
other two beams, time-delayed with respect to the optical excitation beam
by computer-controlled mechanical delay stages, were used to generate
THz pulses in a T mm thick [110] ZnTe crystal by optical rectification and
detect them in the second ZnTe crystal using electro-optic sampling. THz
pulses were collected and focused using off-axis parabolic mirrors. The
sample on a quartz substrate were placed onto a rotation stage in the
focus of the THz beam. Measurements were carried out in transmission
mode, at a normal incidence. An aperture with 1.5 mm diameter placed
in front of the sample ensured that the THz beam probed the uniformly
illuminated central portion of the larger diameter (5 mm) excitation
beam.

For TES, the THz probe beam in TRTS setup was blocked, while the
excitation beam was focused onto the sample in the same way as it is
done in TRTS. Detected component of THz emission by the sample
was fixed, defined by the orientation of ZnTe detector crystal and by the
wire-grid polarizer placed before it. The sample orientation was controlled
by rotation of the sample by a computer-controlled sample stage. The
linear polarization of the excitation beam was controlled by the half-wave
plate.

Computational Methods: Density functional theory calculations were
performed using the Vienna Ab Initio Simulation Package (VASP).[69.70]
The projector-augmented wave (PAW) method!”"72] was used to repre-
sent core and valence electrons; the valence electronic configurations for
Sn and S are 4d'°5525p? and 3s23p*, respectively. Electron exchange and
correlation were modeled using the PBE functionall’374] and dispersive
interactions were modeled using the Tkatchenko-Scheffler method with
iterative Hirshfeld partitioning.!”>76] The kinetic-energy cutoff was set to
550 eV. A Gaussian smearing of 0.01 eV was used for Brillouin-zone inte-
grations along with 3000 grid points for evaluating the electronic density of
states. The supercell for the stacking fault model (P3m1) was constructed
based on a prototypical Cdl, structure. To minimize numerical symmetry-
breaking, especially within the basal plane, the structure was relaxed using
a multi-step process wherein both cell shape and atomic positions were
relaxed at first with a force tolerance of 1072 eV A=, followed by secondary
relaxation of ionic positions with a force tolerance of 1073 eV A", and final
symmetrization of the structure and re-relaxation with a force tolerance of
107* eV A=1. An 8 x 8 x 1 k-point mesh was used for structural relaxation.
The final structure was further re-symmetrized using the ASEl”’! package
(symmetry tolerance of 10~ A) to maintain a structure that is as close as
possible to P3m1 symmetry. The relaxed structure is provided in the SI.
The difference in total energy per formula unit (f.u.) of SnS, between this
stacking fault model and 2H SnS, is 0.5 meV/f.u. and all of the I"-point
phonon modes (excluding trivial translations) are positive, indicating that
this structure is both thermodynamically feasible and stable. After relax-
ation, DFT wavefunctions were recalculated using a denser 16 X 16 X 2
k-point mesh. Shift-current tensors were calculated using the implemen-
tation in the Wannier90 software package.l”®! For these calculations, the
Brillouin zone was sampled using a denser 120 x 120 x 15 k-point mesh
(interpolated) and the numerical broadening was set to 0.1 eV. The total
spread of the Wannier functions was converged to under 10~° A2, For the
shift-current calculations, numerical tests revealed that the results were
insensitive to further refinement of the interpolated k-point mesh. Addi-
tional details are provided in the SI.

Supporting Information

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