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as phosphorene analogues,[1–4] since 
they share similar puckered or wavy lat-
tice structures with phosphorene, a 2D 
format of black phosphorus.[5,6] The in-
plane structural anisotropy of MXs, with 
puckered structure along the AC direc-
tion,[3] is the origin of in-plane anisotropic 
physical properties.[1–3,7,8] A plethora of 
properties have been reported to exhibit 
in-plane anisotropic response, including 
carrier mobility,[7] optical absorption, 
reflection, extinction, refraction,[8] and 
Raman spectral behavior.[1] The in-plane 
anisotropic response is exhibited along 
the distinguished in-plane AC and ZZ 
crystallographic directions, offering an 
additional degree of freedom in manipu-
lating their properties.[1–3,7,8] For example, 
polarization-sensitive photodetectors have 
been presented based on the intrinsic 
linear dichroism of GeSe,[8] and black 
phosphorus.[9] Furthermore, monolayer 
MXs are predicted to be multiferroic with 
coupled ferroelectricity and ferroelasticity, 
and large spontaneous polarization.[10,11] 

Indeed, in-plane ferroelectricity has been recently demonstrated 
for micrometer-size monolayer SnS at room temperature.[12]

Recently, the nonlinear optical properties of MXs have been 
addressed.[12–16] Nonlinear optics plays an important role in all 
aspects of modern photonics, with nonlinear media being used 
in photonic devices for photon generation, manipulation, trans-
mission, detection and imaging.[17–20] Applications of nonlinear 
optics in a wide range of fields have been explored, including 
nonlinear silicon photonics,[21] quantum nonlinear optics,[22] 
nonlinear plasmonics,[23] material characterization,[24–26] and bio-
medical optics.[27,28] SHG is possibly the most widely studied non-
linear optical process, in which radiation at twice the frequency 
of the incident light is generated.[17–20] It emerges in media that 
lack inversion symmetry, such as various 2D layered materials, 
and is widely used to characterize their properties.[24–26,29,30] 
Furthermore, SHG has been combined with microscopy tech-
niques enabling imaging of 2D materials. In this context, P-SHG 
imaging has been recently demonstrated as a powerful tool to 
probe the properties of 2D group VI transition metal dichalcoge-
nides (TMDs), such as MoS2, WS2, MoSe2. and WSe2.[31–37] Spe-
cifically, it has enabled direct optical imaging of the atomic edges 
and boundaries of a 2D material, based on the observation of 
electronic structure changes at the edges of monolayer MoS2.[31] 

Two-dimensional (2D) tin(II) sulfide (SnS) crystals belong to a class of 
orthorhombic semiconducting materials with remarkable properties, such as 
in-plane anisotropic optical and electronic response, and multiferroic nature. 
The 2D SnS crystals exhibit anisotropic response along the in-plane armchair 
(AC) and zigzag (ZZ) crystallographic directions, offering an additional degree 
of freedom in manipulating their behavior. Here, advantage of the lack of 
inversion symmetry of the 2D SnS crystal, that produces second harmonic 
generation (SHG), is taken to perform polarization-resolved SHG (P-SHG) 
nonlinear imaging of the in-plane anisotropy. The P-SHG experimental data 
are fitted with a nonlinear optics model, allowing to calculate the AC/ZZ 
orientation from every point of the 2D crystal and to map with high resolution 
the AC/ZZ direction of several 2D SnS flakes belonging in the same field 
of view. It is found that the P-SHG intensity polar patterns are associated 
with the crystallographic axes of the flakes and with the relative strength 
of the second-order nonlinear susceptibility tensor in different directions. 
Therefore, the method provides quantitative information of the optical 
in-plane anisotropy of orthorhombic 2D crystals, offering great promise 
for performance characterization during device operation in the emerging 
optoelectronic applications of such crystals.
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1. Introduction

Group IV monochalcogenides, also known as group IV–VI metal 
monochalcogenides, and denoted by MX with M = Sn, Ge and 
X = S, Se, are a class of layered, orthorhombic, semiconducting  
2D materials attracting significant interest.[1–3] They are known 
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Furthermore, it has been used to calculate and map in a pixel-by-
pixel manner the main crystallographic direction (armchair) of 
2D TMDs,[31–33] and quantify their crystal quality,[32,33] determine 
the twist-angle in TMD homobilayers,[34,35] and heterobilayers,[36] 
and probe the valley population imbalance.[37]

In this work, we extend the use of the P-SHG micros-
copy technique in order to investigate the properties of the 
orthorhombic 2D MXs. The 2D MΧs are characterized by 
broken inversion symmetry, a fact that renders them suitable 
for SHG conversion.[12–15] Indeed, using first-principles elec-
tronic structure theory, Wang and Qian theoretically predicted 
giant optical SHG in monolayer MXs.[13] They predicted that the 
strength of SHG susceptibility of GeSe and SnSe monolayers is 
more than one order of magnitude higher than that of mon-
olayer MoS2. These results were also supported by another 
theoretical work by Panday and Fregoso.[14] Recently, Higashi-
tarumizu et  al. performed polarized SHG spectroscopy on a 
micrometer-size monolayer SnS,[12] while Zhu et  al. reported 
anisotropic SHG in few-layer SnS.[15]

The P-SHG methodology applied here is based on high-res-
olution P-SHG imaging microscopy, with spatial resolution of 
≈500  nm (see Experimental Section). The subsequent fitting of 
the P-SHG polar diagrams for every pixel of the image with a the-
oretical model that accounts for the orthorhombic crystal struc-
ture of MXs, enables the calculation of the AC/ZZ direction from 
every point of a 2D SnS flake and the estimation of two ratios 
of the second-order nonlinear optical susceptibility tensor ele-
ments. We perform the same procedure for several different 2D 
SnS crystal flakes within the same field of view. It is shown that 
the mean and the standard deviation of the spatial distributions 
of the acquired values provide new means of contrast capable to 
discriminate 2D SnS crystals in the same image based on their 
in-plane structural anisotropy. Therefore, our technique provides 
insight into the nonlinear optical properties of 2D MXs and can 
serve as a useful characterization tool for emerging applications.

2. Results and Discussion

2.1. Theoretical Formulation of SHG from Orthorhombic MXs

In order to describe the interaction of an excitation field with 
a 2D orthorhombic MX crystal (Figure 1a) and the subsequent 
production of SHG, we use the Jones formalism.[32–38] The two 
coordinate systems considered are schematically shown in 
Figure 1b: the laboratory frame (X, Y, Z) and the crystal coordi-
nates (x, y, z), where z // Z. The laser beam propagates along 
Z axis, normally incident on the crystal, and linearly polarized 
along the sample plane, at an angle ϕ with respect to X labo-
ratory axis. By rotating the half-waveplate, we vary the orienta-
tion of the excitation linear polarization, and record the SHG 
emerging from the sample as function of the polarization angle 
ϕ. The x axis is taken parallel to the ZZ direction of the crystal 
and at angle θ from X. The y direction is then along the AC 
crystallographic direction, which coincides with the mirror 
symmetry axis (Figure 1a).

The excitation field after passing the half-wave retardation 
plate can be expressed in laboratory coordinates by the Jones 
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The 2D MXs belong to the non-centrosymmetric, 
orthorhombic point group C2v (mm2).[13] Thus, they have five 
independent, nonzero SHG susceptibility tensor elements, 
namely: , , , , andyxx

(2)
yyy
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yzz
(2)

xyx
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xxy
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zzy
(2)

zyz
(2)χ χ χ χ χ χ χ= = , where ijk

(2)χ  
is the second-order nonlinear optical susceptibility tensor ele-
ment along the different directions.[13] As a result, the nonlinear 
polarization can be written in matrix form as:[17]

Adv. Optical Mater. 2022, 2102776

Figure 1.  a) Schematic of the crystal structure of orthorhombic 2D MXs, as seen from the top (left) and the side (right). b) Illustration of the two 
coordinate systems, the laboratory X, Y, Z, and the crystal, x, y, Z, adopted in our experimental configuration. The angles ϕ and θ describe the orienta-
tion of the laser field Eω and the ZZ crystallographic direction relative to the X laboratory axis, respectively. ωP//

2  shows the detected component of the 
generated SHG field.
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where ε0 is the permittivity of the free space. Given that the 
excitation field is polarized along the sample plane, we have 
considered 0z =ωE , and thus the SHG equation is reduced to:
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where terms including only three independent SHG sus-
ceptibility tensor elements survive. We then transform 
this expression back to laboratory coordinates. In order to 
account for the effect of the linear polarizer placed before the 
detector, we multiply the SHG field with the Jones matrix 
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 , where ζ is the angle between the 

transmission axis of the polarizer and the X laboratory axis. In 
this work, we have set ζ = 0, i.e., the axis of transmission of the 
polarizer parallel to X axis, and we measure the corresponding 
component of the SHG response, //

2ωP , whose intensity //
2ωI  is 

calculated as:
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In this relationship, the SHG intensity is expressed in terms 
of the absolute values of the χ(2) tensor elements. Instead, we 
can express it in terms of dimensionless ratios of the χ(2) tensor 
elements, obtaining:
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(2) 2ε χ=  a E  is a multiplication factor. The SHG 

intensity can also be expressed in the following equivalent 
form, which is used to fit the P-SHG experimental data:
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In Figure 2, we present the numerical simulation of the //
2ωI  

modulation, described by Equation (4), in polar plots, as func-
tion of the orientation of the linear polarization of the excita-
tion field, ϕ, for fixed values of b, c, and for different AC/ZZ 
directions. A video presenting the P-SHG polar diagrams with 
a step of 10° in the ZZ direction θ is shown in Supporting 
Information. Remarkably, the shape of the polar diagram 
itself is predicted to change for different values of the AC/ZZ 
directions. Three possible shapes are obtained: one with four 
symmetric lobes, one with four lobes symmetric in pairs, and 
one with two symmetric lobes. This shape change is in contrast 
to the corresponding behavior of the P-SHG polar diagrams 
of monolayer TMDs, which belong to the D3h point symmetry 
group, for which the χ(2) tensor exhibits only one independent 
element.[32,33] In that case, we have observed a character-
istic four-lobe pattern, which rotates for different values of 
the crystal armchair direction (see also Video S2, Supporting 
Information).

The changes in the shape of the P-SHG polar diagrams, 
shown in Figure  2, reflect the in-plane anisotropy of the 
orthorhombic MΧs. Indeed, the origin of this shape change is 
described by Equation  (6), where the SHG intensity depends 
on four parameters, i.e., a, b, c, and θ. We are therefore able 
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Figure 2.  Numerical simulations of the theoretical P-SHG intensity produced by a 2D MX, described by Equation (4). We plot ωI//
2  in polar diagrams, as 

function of the orientation of the linearly polarized excitation angle ϕ for fixed values b = 5, c = 6.5, and for different ZZ directions θ, with θ ϵ [0°, 180°]  
with step 20°. The AC/ZZ directions are illustrated with the magenta/green lines for each case.
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to establish a direct link between the P-SHG intensity modula-
tion and the in-plane anisotropy of orthorhombic MXs through 
these four parameters. In particular, the shape of the theo-
retically predicted P-SHG polar diagrams shown in Figure  2 
is determined by the ZZ direction θ and the tensor elements 
ratios b and c. The parameters b and c (Equation (5)) denote the 
relative contribution of different directions to the SHG signals. 
In Figures S1 and S2 (Supporting Information) we simulate the 
effect of different values of the χ(2) element ratios b and c on the 
P-SHG polar diagrams.

In contrast to the monolayer TMDs where the AC direction 
can be calculated modulo 60° (due to their threefold rotational 
symmetry, i.e., the fact that they have three equivalent AC axes), 
in the case of 2D MXs, the AC direction is unique. This is 
readily reflected in the SHG polar diagrams of MXs which are 
the same every 180° in the AC/ZZ direction.

To describe the SHG intensity generated from an ultrathin 
orthorhombic 2D MX, with N number of layers with AA 
stacking sequence, we extend the interference model intro-
duced for 2D TMDs.[34,39] Neglecting propagation effects, the 
second harmonic field arising will have the form of vector 
superposition:

E E E E2
1
2

2
2 2= + + +ω ω ω ω

N 	 (8)

where the indices denote the second harmonic signal from the 
corresponding layers. The total SHG intensity produced by the 
N-layer structure, will then be:
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where δi,j, i, j  = 1, 2, …, N denote the relative angle between 
layers i and j, i.e., the twist-angles, and the frequency index 
2ω is suppressed for simplicity. If we assume for simplicity 
that the SHG intensity from the individual layers is equal  
(I1 = I2 = … = IN = IML) and that the three layers are aligned (i.e., 
all twist-angles are zero), we find that

12
ML ML ( )= + −ωI NI I N N 	 (11)

2 2
ML=ωI N I 	 (12)

This is the well-known result that the SHG intensity from 
2D flakes with zero twist-angle scales quadratically with the 
number of layers. It is valid for ultrathin non-centrosymmetric 
SnS with AA stacking sequence, where each layer contributes 
constructively in the detected SHG.

2.2. Nonlinear Imaging of In-Plane Anisotropy in SnS

Using our custom-built polarization-resolved nonlinear micro-
scope presented in Figure  3, we raster-scan a specific sample 
area, and by rotating the linear polarization angle of the pump 
beam, ϕ, with a step of 2°, we record 180 spatially resolved 
images of //

2ωI . We then fit these images with Equation (6) and 
estimate: i) the ZZ direction θ (and thus the perpendicular AC 

direction too); ii) the χ(2) tensor element parameters b and e; 
and iii) the multiplication factor a. This is performed for every 
pixel of the image enabling the extraction of spatially resolved 
images of the ZZ crystal direction and the tensor element 
parameters, as well as the corresponding distributions of their 
values.

In order to confirm the SHG process, we measure the average 
SHG intensity produced by a 2D SnS flake as function of the exci-
tation power, shown in Figure S5 (Supporting Information) in a 
log-scale plot. Indeed, we obtain a quadratic power-law depend-
ence, as expected. In Figure 4, we present representative P-SHG 
images of different 2D SnS crystals, belonging in the same field 
of view, for several orientations of the laser linear polarization ϕ 
denoted by the red arrow. A video of all the 180 P-SHG images 
obtained, with ϕ ϵ [0°, 360°)  with step 2°, can be found in the 
Supporting Information. A number of SnS flakes, appearing as 
bright spots of submicron dimensions, is observed. Six regions 
of interest (ROIs) containing SnS crystals are illustrated by the 
white arrows. While changing ϕ, we observe differences in the 
SHG intensity of the individual SnS flakes, in accordance with 
the theoretical predictions of Equations (4) and (6). We also note 
that the detected SHG signals from the different flakes are mod-
ulating out of phase. This is due to the different AC/ZZ crystal-
lographic orientations and/or due to differences in the tensor ele-
ment ratios among the different SnS flakes.

We focus on the six ROIs containing SnS crystals, illustrated 
by white arrows in Figure 4. In Figure 5a, we present for such 
ROIs the sum of the 180 P-SHG intensity images for all orien-
tations of the excitation linear polarization ϕ. In Figure  5b–g, 
we present polar plots of the P-SHG modulation (in red dots) 
taken from one pixel inside the ROIs depicted in Figure  5a. 
These modulations agree with the mean and the integrated 
P-SHG modulation of each ROI (see Figure S6, Supporting 
Information for two representative examples). We note that the 
diagrams in Figure 5b–g confirm the theoretical prediction that 
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Figure 3.  Illustration of the experimental setup. The fs laser beam is 
guided into the microscope and excites SHG produced by a stationary 
2D SnS crystal. By rotating a λ/2 plate, we rotate the orientation of the 
linear polarization of the excitation field, as a function of which we record 
the second harmonic signal. A pair of galvanometric mirrors is used to 
raster-scan an area of the sample and obtain SHG images. The setup is 
discussed in detail in Experimental Section.
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different SnS flakes can produce P-SHG polar plots of different 
shape (see Figure  2), depending on the ZZ crystallographic 
direction and the parameters b and e. Using our methodology, 
this is observed within the same field of view, providing new 
means of contrast. The third possible shape of the P-SHG 
polar diagrams, with two lobes as theoretically predicted in 

Figure  2d–g, has also been experimentally demonstrated for 
another SnS flake and is presented in Figure S3 (Supporting 
Information). By fitting (blue line) the experimental data with 
Equation  (6), we are able to calculate the AC/ZZ crystallo-
graphic direction and the χ(2) element ratios, i.e., parameters b 
and c for each pixel (summarized in Table 1).

Adv. Optical Mater. 2022, 2102776

Figure 4.  Experimental P-SHG images of ultrathin SnS crystals belonging in the same field of view for different values of the orientation of the laser 
linear polarization (ϕ in Equation (4)), denoted by the red arrows, with ϕ ϵ [0°, 180°] with step 20°. The blue arrows indicate the direction of the polari-
zation of the detected SHG signals. Brighter color indicates higher P-SHG intensity in arbitrary units. We note that the SHG signals from the 2D SnS 
crystals (ROIs 1–6 pointed by the white arrows), are modulating out of phase. The scale bar in the first image illustrates 1 µm.

Figure 5.  a) Sum of the SHG intensity for all orientations of the linearly polarized excitation angle ϕ, corresponding to the same field of view shown 
in Figure 4. Brighter color indicates higher SHG intensity. The scale bar illustrates 1 µm. b–g) Experimental data (in red dots) of the P-SHG intensity 
taken from one pixel inside each ROI depicted in (a), presented in polar plots as function of the angle ϕ. By fitting (blue line) with Equation (6), we are 
able to calculate the ZZ crystallographic direction and the tensor element parameters b and e, for each pixel (summarized in Table 1). Interestingly, the 
shape of the polar diagrams changes for different flakes, which is the signature of differences in their in-plane anisotropy.
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This fitting can also be performed in a pixel-by-pixel manner, 
producing spatially resolved ZZ orientation maps. Such maps 
along with their corresponding image histograms are presented 
in Figure 6, for the ROIs 1, 4–6 depicted in Figure 5a. Although, 
to date, only micrometer-size SnS monolayers have been realized, 
our technique can provide useful information on crystal quality 
and the presence of grain boundaries and defects in larger-area 
crystals.[32,33] Using the same fitting procedure, we additionally pro-
duce distributions of values (image histograms) for the χ(2) tensor 
element parameters b and e, which are presented in Figure 7. All 
such histograms are subsequently fitted with a Gaussian function 
in order to calculate the mean and standard deviation of the dis-
tribution of values for each parameter. Table 2 summarizes the 
results of the fitted parameters θ, b, and e (mean and sigma), 
along with the values of c, calculated through Equation  (7).  
Considering the broad range of the b, c, and e values, the results 
listed in Table 2 provide experimental and quantitative evidence 
on the highly anisotropic nature of the χ(2) tensor of SnS.

To compare our findings with the literature, we use the 
values of the χ(2) tensor elements of monolayer MXs that have 
been theoretically calculated from first-principles using density 
functional theory.[13] For the particular case of SnS and for exci-
tation pulse centered at 1028 nm (ℏω ≃ 1.2 eV), they have been 
calculated to be 65·10 pm Vyyy

(2) 4 2 1χ −
 , 50·10 pm Vyxx

(2) 4 2 1χ −
 ,  

10·10 pm Vyyy
(2) 4 2 1χ −
  (see Figure S2d, Supporting Informa-

tion, Ref. [13]). These values correspond to / 5yxx
(2)

yyy
(2)χ χ=b  , 

/ 6.5xxy
(2)

yyy
(2)χ χ=c  , e  = 2c/(b  − 1) ≃ 3.25, which agree with the 

experimental evidence that c is higher than b, while such values 
are within the same order of magnitude with the experimental 
values of Table 2. The deviations from the literature values, the 
broad histograms, and the different values of the χ(2) param-
eters among different 2D SnS crystals may be attributed to i) 
deformation in the crystal lattice during the sample prepara-
tion,[16] ii) varying contributions to the SHG signal from the χ(2) 
tensor elements along different directions, and iii) the adopted 
fitting procedure. To our knowledge, there is only one work in 
which the authors have experimentally calculated relative mag-
nitudes of the χ(3) (instead of the χ(2)) tensor of a MX (few-layer 
GeSe).[16] In that work, the authors have also reported devia-
tions among different flakes, which they have possibly attrib-
uted to deformation in the crystal lattice during the exfoliation 
process. Such phenomenon has also been observed in the ani-
sotropic third harmonic generation in exfoliated black phos-
phorus flakes.[40]

We have also investigated the reason behind the considerably 
higher SHG intensity exhibited by one SnS flake (ROI 3) com-
pared to its neighboring ones, as illustrated in Figures 4 and 5a. 
We note that the integrated SHG intensity from each SnS flake 
shown in Figure 5a (sum of all SHG intensities acquired for all 
the different excitation polarizations  ϕ ϵ  [0°, 360°) with step 2°)  
is not polarization dependent anymore, and thus differences in 
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Table 1.  Summary of the fitted parameters θ, a, b, and e, for all datasets 
demonstrated in Figure  5b–g, with the corresponding quality of fitting 
R2. The χ(2) parameter c is calculated through Equation (7).

ROI Zigzag  
direction  

θ [°]

Parameter  
a [arb.  
units]

Parameter

χ χ= ( ) ( )b /yxx
2

yyy
2

Parameter  
e = 2c/(b − 1)

Quality  
of fitting

Parameter

χ χ= ( ) ( )c /xxy
2

yyy
2

1 −33.96 2.78 5.05 7.33 85% 14.84

2 −40.35 2.57 6.16 7.15 92% 18.45

3 40.76 2.29 16.34 8.55 91% 65.58

4 23.67 2.56 9.09 3.75 91% 15.17

5 29.25 0.30 13.05 3.77 73% 22.71

6 29.36 0.91 12.59 3.07 56% 17.79

Figure 6.  a–d) Pixel-by-pixel spatially resolved mapping of the ZZ crystallographic direction θ for the ultrathin SnS crystals which correspond to the ROIs 
1, 4–6 depicted in Figure 5a. We present pixels that survived quality of fitting larger than 80%, 88%, 67%, and 50%, respectively. e–h) Corresponding 
image histograms showing the distributions of the values of the ZZ directions and the Gaussian fit (red line). The fitted parameters of the Gaussian 
fit are summarized in Table 2.
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the SHG intensities between the different flakes in the same 
image could solely be attributed to differences in their number 
of layers. In order to quantify these differences, Table 3 summa-
rizes the maximum SHG intensities detected in each ROI. We 
characterized as monolayer the flake with the minimum inten-
sity, i.e., ROI 1. The number of layers N for the other flakes is 
then determined using Equation (12) ( / ML=N I I ). We note that 
ROIs 2, 4–6 could also be characterized as monolayers. Inter-
estingly, the intensity in these ROIs exhibits a variation. This 
variation may be attributed to the solvent overlayer, which could 
change the z-positions of the SnS crystals and place them slightly 
out of focus. This solvent residual is known to affect the meas-
urement of the thickness of liquid phase exfoliated SnS flakes.[45]

Here we try to address the thickness dependent SHG 
intensity in the 2D SnS crystals of our study by introducing 
a constructive interference model that describes the non-cen-
trosymmetric AA stacking sequence of layered MX crystals 

(Equation  (12)). According to this model each layer contrib-
utes constructively in the detected SHG and the total SHG is 
analogous to N2, where N is the number of layers. However, 
like other MX compounds (GeS, GeSe, SnSe), a SnS crystal 
might also possess antiferroelectric order with alternating left 
and right polarization in the adjacent layers (i.e., the case of 
AB stacking sequence). In that case, the odd-layered crystals 
are non-centrosymmetric and provide SHG, while the bulk and 
even-layered crystals are usually centrosymmetric and should 
in principle not produce SHG signals.

In our experiments, we have found a SnS crystal (ROI 3) that 
produces nine times higher SHG signal than its surrounding 
crystals, as also shown in Figure  8, which presents the SHG 
intensity along the dashed line i shown in Figure 5a. The shape 
and magnitude of the polar diagram of ROI 3 (Figure 5d) fits 
well to the theoretical predictions of our constructive interfer-
ence model (Equation  (12)). This behavior (the N2 times SHG 
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Figure 7.  a–d) Histograms of the fitted χ(2) parameter b (Equation (5)), and e–h) the fitted χ(2) parameter e (Equation (7)), for the ultrathin SnS crys-
tals which correspond to the ROIs 1, 4–6 depicted in Figure 5a. We present pixels that survived quality of fitting larger than 80%, 88%, 67%, and 50%, 
respectively. The fitted parameters of the Gaussian fit (red line) are summarized in Table 2.

Table 2.  Summary of the fitted parameters θ, b, and e (mean and standard deviation), based on the Gaussian fit illustrated in the representative 
histograms in Figures 6 and 7. The results for all ultrathin SnS crystals which correspond to the ROIs shown in Figure 5a are presented. The χ(2) 
parameter c is calculated through the mean values of b and e using Equation (7).

ROI Zigzag direction θ [°] Parameter

χ χ=b /yxx
(2)

yyy
(2)

Parameter

e = 2c/(b − 1)

Parameter

c = χ χ/xxy
(2)

yyy
(2)

Mean Standard deviation Mean Standard deviation Mean Standard deviation Mean Standard deviation

1 −31.07 2.19 6.22 0.86 2.74 0.69 7.15 1.08

2 0.41 35.50 12.33 5.81 3.23 2.48 18.30 8.45

3 38.22 1.55 19.73 2.75 5.17 1.32 48.42 7.13

4 24.63 1.36 6.53 1.74 5.46 1.58 15.10 3.23

5 28.98 0.70 12.39 2.20 3.78 0.35 21.53 2.31

6 28.15 1.24 12.08 1.15 2.89 0.27 16.01 1.12
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signal dependency) that appeared in our experimental data, 
could occur from a non-centrosymmetric, three-layer SnS 
crystal with AA stacking sequence.

3. Conclusion

In summary, taking advantage of the orthorhombic crystal 
structure of 2D SnS crystals that induces SHG conversion, we 
have optically mapped the in-plane optical anisotropy of 2D SnS 
flakes with high resolution. By performing P-SHG imaging 
microscopy, we found that the P-SHG polar plot changes 
shapes among different flakes. This finding reflects the effect of 
the in-plane anisotropy of the orthorhombic MXs on their non-
linear optical properties. This is demonstrated for different 2D 
SnS flakes belonging to the same field of view. Our approach 
provides new means of contrast that discriminates 2D SnS 
flakes in the same image based on their in-plane anisotropy. By 
fitting the experimental data with a nonlinear optics model, that 
accounts for the material crystal structure, we were able to cal-
culate and map with high resolution the AC/ZZ crystallographic 
orientation of each flake, and to estimate two second-order  

nonlinear optical susceptibility tensor element ratios for every 
sample point. This methodology can be used to spatially deter-
mine in large crystal areas the optical in-plane anisotropy in 
different orthorhombic MXs crystals. Our results provide a 
novel, all-optical probe of the in-plane anisotropic properties of 
orthorhombic MXs based on nonlinear optics, that is useful for 
emerging fundamental studies and optoelectronic applications 
of these materials.

4. Experimental Section
Nonlinear Microscope: The experimental setup was based on an 

inverted microscope (Axio Observer Ζ1, Carl Zeiss), which uses a fs 
laser (FLINT FL1 Yb Oscillator, ≈6 W, 1028 nm, ≈76 MHz, ≈30 fs, Light 
Conversion) to pump nonlinear optical processes (Figure  3). A pair 
of silver-coated galvanometric (galvo) mirrors (6215H, Cambridge 
Technology) guided the laser beam into the microscope, allowing to 
raster-scan stationary samples. The beam passed through a zero-order 
half-wave retardation plate (QWPO-1030-10-2, CVI Laser), which was 
placed in a motorized rotation stage (M-060.DG, Physik Instrumente), 
with which the linear polarization of the excitation field with accuracy 
of 0.1° can be rotated. A pair of achromatic lenses suitably expanded 
the beam diameter to fill the back aperture of the objective lens (Plan-
Apochromat × 40/1.3 NA, Carl Zeiss).

At the motorized turret box of the microscope, there was an option 
of using either a silver mirror or a dichroic mirror, both at 45° just below 
the objective, depending on whether the produced signal was collected 
in the forward or backward (epi) detection geometry, respectively. In 
this work, the signal was collected in the forward direction, using the 
silver mirror which was insensitive to the laser beam polarization. The 
objective lens tightly focused the beam onto the stationary sample that 
produces SHG, which was collected by a condenser lens (achromatic-
aplanatic, 1.4 NA, Carl Zeiss). Then, suitable short-pass (FF01-680/SP, 
Semrock) and narrow bandpass (FF01-514/3, Semrock) filters were used 
to cut off residual laser light and any other unwanted signal. Finally, 
a linear polarizer (LPVIS100-MP, ThorLabs) was placed before the 
detector which was based on a photomultiplier tube module (H9305-04, 
Hamamatsu), in order to select the detected SHG polarization.

The galvanometric mirrors and the photomultiplier tube were 
connected to a connector block (BNC-2110, National Instruments 
Austin), which was interfaced to a PC through a DAQ (PCI 6259, National 
Instruments). The coordination of the detector recordings with the 
galvanometric mirrors for the image formation, as well as the movement 
of the motors, was carried out using LabView (National Instruments).

This setup allowed to record spatially resolved SHG intensity images 
from a sample region, while rotating the linear polarization of the 
excitation field, performing P-SHG imaging. Each image (of 500  ×  500 
pixels in this work) corresponded to a sample area of size from a few µm  
to hundreds of µm, depending on how the movement of the galvo 
mirrors was set. The diffraction-limited spatial resolution was ≈500 nm 
(0.61λexc/NA, with NA = 1.3, λexc = 1028 nm). For the data analysis, the 
MATLAB (The Mathworks, Inc) programming language,[41] the open-
source Python programming language,[42] and the open-source ImageJ 
image analysis software were used.[43]

Sample Preparation and Characterization: The ultrathin layers of 
SnS sheets were isolated from bulk crystal via liquid phase exfoliation 
(LPE)[44–46] (see Supporting Information). Figure S4a (Supporting 
Information) represents the UV–vis extinction spectra of isolated SnS 
sheets in acetone. The extinction spectra of SnS exhibited a broad 
absorption profile with UV–vis–NIR spectral range, accompanied with 
a shoulder at 420  nm. Such extinction spectral feature was consistent 
with the reported thin layers of SnS sheets,[44–46] which suggested the 
isolation of an ultrathin layer of SnS sheets.

In addition, atomic force microscopy (AFM) images of isolated SnS 
were collected to acquire the flake dimensionality. As may be seen from 
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Table 3.  Summary of the maximum SHG intensity detected from the 
ultrathin SnS crystals which correspond to the ROIs shown in Figure 5a. 
As monolayer is characterized the flake with the minimum intensity, i.e., 
ROI 1, while the number of layers N for the other flakes is determined 
using Equation (12).

ROI Max. SHG intensity (× 105) [arb. units] Number of layers N

1 4.7 1

2 5.4 1.1

3 49 3.2

4 5.6 1.1

5 8.3 1.3

6 5.9 1.1

Figure 8.  SHG intensity along the dashed line i shown in Figure 5a, nor-
malized to the maximum intensity in ROI 1. The intensity in ROI 3 is 
found to be nine times higher than that of ROI 1, implying that ROI 3 
could be a SnS trilayer.
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a representative area of the sample, shown in Figure S4b (Supporting 
Information), the height profile of each SnS sheet was varying, with all 
being less than ≈1.1  nm. It was noted that the ROIs 1–6 presented in 
Figure  4 did not correspond to the AFM profiles shown in Figure S4  
(Supporting Information), which were from a representative area 
holding similar SnS flakes. Given that the monolayer SnS thickness is 
≈0.6  nm and that AFM measurements of liquid phase exfoliated SnS 
have been reported to overestimate the thickness because of the solvent 
overlayer,[45] the sample was identified to contain monolayers and 
bilayers.

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