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Abstract The polarization of light can provide abundant information regarding the polarization degree,
phase shift, and Jones vector, which is important in light communication, environmental scanning, quality
inspection, etc. Recently, two-dimensional (2D) semiconductors have provided an ideal platform for de-
tecting polarized light due to their remarkable and tunable linear dichroism (LD). However, the physical
mechanism of the in-plane LD in 2D semiconductors has not been systematically investigated, limiting the
further exploration of the 2D anisotropic semiconductors and the directionality of experiments on polariza-
tion photodetection. In this study, the in-plane LD of 100 types of 2D semiconductors composed of main
group elements is investigated via first-principles theory combined with the decision tree algorithm and ex-
perimental measurement. The in-plane asymmetry of the lattice and band edge wavefunctions are the main
origins of the in-plane LD. 2D semiconductors with in-plane orthorhombic and monoclinic lattices tend to
have considerable in-plane LD, while their hexagonal counterparts are optically isotropic. Specifically, or-
thorhombic 2D semiconductors possess larger in-plane LD because their intrinsic mirror planes in the lattice
induce in-plane parity of the wavefunctions at the band edges. The decision tree algorithm further reveals
that in-plane LD is also related to the difference for the a and b lattice constants and the electronegativity
difference between the cation and anion. In addition, heterostructures formed from these 2D semiconductors
exhibit high light absorption, strong in-plane LD, and various types of band alignment. The result of our
study can promote the application and development of 2D semiconductors in polarization optoelectronics.
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1 Introduction

Linear dichroism (LD) is a form of electromagnetic spectroscopy that refers to the difference in the optical
absorption of polarized light with a polarization direction parallel (perpendicular) to a given orientation
of a crystal [1-7]. Recently, the use of LD in materials has provided new opportunities for many modern
photonic and optoelectronic devices and applications [8-15]. For example, by utilizing polarizer arrays or
anisotropic materials, polarization-sensitive photodetection can be attained and provide rich information
about an object, such as intensity, spectral, and polarization; this information can be applied to target
tracking [16], remote sensing [17,18], and computer vision [19]. Commercial polarization-sensitive pho-
todetectors all rely on a polarizing lens array in front of the detection unit, which leads to a larger size
and complicated configuration of the entire system. The increase in two-dimensional (2D) semiconductors
with in-plane optical anisotropy provides a promising platform that can act as an intrinsic polarizer and
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a photosensitive unit at the same time; thus, the volume and configuration of the system are both simpli-
fied [20-30]. Some prototype 2D materials with significant optical anisotropy have been discovered; these
materials include black phosphorene (BP), TiSs, ReSes, GeSe, and PdSes [31-36]. Further research on
polarization optoelectronics needs to focus on developing more 2D semiconductors with strong in-plane
LD and high stability, and the design principle should focus on 2D materials composed of group III, IV,
V, and VI (main group) elements. The materials made of these main group elements exhibit intrinsically
good optical and transport properties due to their strong s-p covalent bonding characteristics; this is also
one of the reasons for their wide use in modern semiconductor technology [37-40]. However, systematic
theoretical analysis of the in-plane LD of 2D semiconductors composed of these main group elements
has not been performed. The investigation of the general trends that determine the optical anisotropy
of materials is critical for the design of new 2D semiconductors with strong LD and the development of
polarization-sensitive device applications.

Here, we constructed a comprehensive 2D anisotropic material database encompassing 100 different
types of materials; these materials include binary compounds, elementary materials, and their van der
Waals (vdW) heterostructures; additionally, we investigated their optical LD and examined their under-
lying physical mechanisms using first-principles calculations, employing density functional theory (DFT)
with vdW correction. According to their in-plane symmetry, the studied 2D materials can be classified
into three groups: orthorhombic, monoclinic, and hexagonal lattices. Compared with hexagonal lattices,
crystals with orthorhombic and monoclinic lattices have a greater propensity for in-plane LDs. Notably,
compounds with orthorhombic structure display larger LD values than those with a monoclinic struc-
ture, and their larger LD values are attributed to the presence of an intrinsic mirror plane within the
lattice, resulting in the in-plane parity of the wavefunctions at the band edges. Moreover, calculations
based on the decision tree algorithm further demonstrate that the in-plane LD is influenced by the dif-
ference for the a and b lattice constants and the electronegativity difference between cations and anions.
Importantly, the heterostructures constructed from specific 2D semiconductors exhibit enhanced optical
absorption and strong optical LD. Various types of band offsets (type-I, type-II, and type-IIT) exist among
all considered 2D semiconductors; these semiconductors have the potential to facilitate the development
of diverse functionalities and applications.

2 Methods
2.1 DFT calculation

All first-principles calculations were carried out based on the projector augmented wave (PAW) method as
implemented in the Vienna ab initio simulation package (VASP) [41]. The exchange-correlation potential
is described by the Perdew-Burke-Ernzerhof (PBE) functional of the generalized gradient approximation
(GGA) [42]. To obtain an accurate band gap and optical property, the HSE06 function with a mixing
parameter of 0.25 is used for band structure calculation [43]. The energy cutoff for the plane wave is set
to 450 eV. The 2D crystal structures were built using the primitive cell, with a vacuum space of 20 A
to avoid the supercell image interaction. The crystal structures were relaxed using the PBE functional,
considering the DFT-D3 method for the treatment of van der Waals interaction [44]. The convergence
criteria of forces and energies are chosen to be 0.01 eV/A and 107° eV for structure relaxation and self-
consistence calculations. For the optical calculation, only the direct transition at the direct band edge
is considered. The absorption coefficient is calculated using a(w) = v2w[\/e2(w) + e2(w) — £1(w)]? with
£1(w) and e2(w) being the real part and imaginary part of the complex dielectric functions, respectively.
The optical linear dichroism is calculated following the formula of LD = a;/a,, with a, and a, referring
to absorption coefficients along x and y directions [6]. LD = 1 corresponds to optical isotropy, while LD
> 1 or < 1 indicates optical anisotropy, and the anisotropy is stronger when the deviation of LD from
1 is larger. The optoelectronic-transport properties of 2D II-VI semiconductor-based photodetectors are
simulated via nonequilibrium Green’s function method within density functional theory programmed in
the Quantum ATK 2021 package [45-47]. The basis set of norm-conserving Pseudo Dojo pseudopotentials
is employed [47]. The K-point meshes and cut off are set to 1 x 30 x 150 and 120 Hartree, respectively.
The temperature is set to 300 K. The photocurrent is calculated using first-order perturbation theory
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within the first Born approximation [48]. The photocurrent Iy, is calculated using the following formula:

e [dE
Iph* }__L/%;Ta(Evk)a (1)

where T, (E, k) is the effective transmission coefficients and expressed by
To(E k) = Tr {iTo(E, k) [(1 — fa)G< + faG”]} (2)

with G<(>) denoting the noninteracting Green functions, and I', and f, denoting line width and Fermi
distribution function of the a (left or right) electrode, respectively.

2.2 Devices fabrication and measurements

The nanosheets of GeSe, SnSe, SnS, and GeS were prepared by mechanical exfoliating from corresponding
single crystals. Then they were transferred to a silicon wafer topped with a 300 nm SiO, layer. The
electrode pattern was defined by using photolithography technology. Au was evaporated with a thickness
of 50 nm through thermal evaporation. The optoelectronic measurements were conducted using an Agilent
Technologies B1500A semiconductor device analyzer. With the assistance of a Glan-Taylor prism and a
half-wave plate, the incident light polarized angle with respect to the crystal orientation can be adjusted
to modulate the output polarization-sensitive current. The wavelength of incident light is 638 nm, and
the power density of the incident light is 20 mW /cm?.

3 Results and discussion

3.1 Classification of the prototypical 2D materials

The research protocol starts from the classification of all considered 2D materials in terms of their in-
plane crystal symmetries, which can help to determine the general mapping principle between the lattice
symmetry and the optical anisotropy. Figure 1(a) depicts the periodic table containing the elements
(groups III, IV, V, and VI) for which we chose to construct 2D compounds and elementary materials.
The considered 2D materials can be classified into three categories in view of their in-plane crystal
symmetries: orthorhombic, monoclinic, and hexagonal. Here, the monoclinic 2D materials are defined
as lattice vectors a that are not perpendicular to vector b, while both a and b are perpendicular to c.
The orthorhombic 2D materials are defined as vectors a # b # ¢, where a, b, and ¢ are perpendicular
to each other. The hexagonal system is defined as a = b, and their intersection angle equals 120°.
The corresponding space group of each structure is also provided (Figure S1). Note that compounds
formed from heavy or toxic elements such as Tl, Pb, and Po are excluded due to their harmful effects
on the environment. Figure 1(b) shows the top views of the crystal structures of 10 prototypical 2D
semiconductors, covering all 3 categories of crystal structures.

3.2 2D optical LD database

By first-principles calculations, we obtained 100 2D structures to explore candidates with promising in-
plane optical anisotropy, covering 10 elementary materials (such as tellurene, phosphorene, and arsenene),
65 binary compounds, and 25 vdW heterostructures [49]. For materials used with polarization-sensitive
photodetection, the electronic structure and optical anisotropy are two critical factors that determine the
absorption efficiency and linear dichroism, respectively. To visualize the electronic and optical properties
and determine the general trends, we present the electronic bandgap and optical anisotropy of all consid-
ered 2D materials in Figure 2. Figure 2(a) shows that the bandgap of all considered 2D materials ranges
from 0 to 5.29 eV, covering the infrared to ultraviolet spectrum. Among these 2D materials, there are
approximately 10 wide bandgap (WBG) semiconductors (bandgap > 3 e€V) and 9 narrow bandgap semi-
conductors (bandgap < 1 eV). To clearly determine the optoelectronic properties, we also calculated band
structures using accurate hybrid functions, as shown in Figure S2. The band structure of the majority
is indirect, although the bandgap difference between the direct and indirect cases for some materials is
minimal. For example, the direct gap in GeSe is only slightly larger than its intrinsic indirect gap. The in-
plane LD based on the minimal direct gap transition was calculated and is shown in Figure 2(b). Through
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Figure 1 (Color online) (a) Groups III-VI elements considered to form 2D materials. C, Si, Ge, Sn, Sb, Bi, B, Al, and Ga form
the cations, and O, S, Se, Te, N P, and As are selected to form the anions of the corresponding compounds. C, Si, Ge, Sn, Sb,
Bi, and B can also form the elementary monolayers, such as graphene, silicene, and germanene. (b) Crystal structures of the ten
prototypical 2D materials, such as monolayer SbaSes, SiS, and SbN, from three crystal systems—orthorhombic, monoclinic, and
hexagonal—in view of their in-plane symmetry and dependence on the orientation of their lattice vectors.
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Figure 2 (Color online) (a) Map of the electronic bandgap of all considered 2D materials, including direct (D) quasi-direct (QD)
and indirect (I) bandgaps. The number in each small box shows the bandgap of the corresponding material. (b) Map of the
dichroic ratio of all considered 2D materials. The number in each small box represents the linear dichroic ratio, together with
the corresponding color map. The three in-plane lattice types, hexagonal, orthorhombic, and monoclinic, are distinguished with
different dashed-line boxes.

classification in terms of the in-plane lattice symmetry, a trend is observed; here, the optical anisotropy is
strongly dependent on the in-plane symmetry of the crystal structures (crystal systems) rather than the
specific space groups. Orthorhombic and monoclinic crystals are expected to possess optical anisotropy.
In contrast, the compounds with orthorhombic structures show greater optical anisotropy than those with
monoclinic structures. The highest linear dichroism ratio of 35.82 was observed for SiS, which has an
orthorhombic structure in the IV-VI family. For polarized optoelectronic applications, bandgap and LD
are the two key parameters that should be considered. SnN possesses a small bandgap (~0.93 eV) and
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strong linear dichroism (~9.14) and can be applied to NIR polarization detectors. SnS, GeSe [50], SiS,
and arsenene [51] can be used as building blocks for visible-light polarization photodetectors because of
their suitable bandgap and strong LD. GeO and BiyO3 show high potential in the field of UV polarization
detection due to their large bandgaps (~4.04 and 4.09 eV, respectively) and strong LD (~1.81 and 3.46,
respectively). For 2D elementary materials, only phosphorene and arsenene possess optical anisotropy
with a nonzero bandgap due to their orthorhombic crystal structures and structural asymmetry along
the a- and b-vector directions. Tellurene only possesses a direct bandgap (1.2 eV) without any optical
anisotropy because of its symmetric hexagonal crystal structure, which is in good agreement with previ-
ous studies [52,53]. Notably, the lattice symmetries of all III-V compounds discussed here are hexagonal
instead of a well-known sphalerite structure, resulting in the absence of optical anisotropy. Moreover, the
hexagonal lattice is more stable for these 2D materials. The ITI-VI, IV-V, and IV-VI compounds have
either orthorhombic or monoclinic structures, with significant optical anisotropy. Notably, some impor-
tant III-VI 2D semiconductors not only exhibit orthorhombic symmetry but also exhibit hexagonal and
monoclinic symmetry. Within the hexagonal phase, they are optically isotropic and thermodynamically
stable. For example, 2D ultrathin GaS and GaSe layers have been successfully synthesized on SiOs/Si
substrates through the micromechanical cleavage method [54,55], and GaTe nanosheets have been pre-
pared through chemical vapor deposition [56]. Monoclinic GaX has a C2/m space group, showing optical
anisotropy and a direct bandgap (GaTe). The results of quantitative analysis of the optical absorption
coefficient and optical dichroic ratio (near band edges) of some prototypical 2D materials are shown in
Figure 3. The absorption coefficient for these single materials is large (10=% ecm™1!), and the absorption
spectra show a broad band (1.5-5 eV). A strong LD for the optical transition at the band edges is also
observed. The strong optical anisotropy of 2D semiconductors is expected to show polarized-transport
properties for related optoelectronic devices. Here, the optoelectronic-transport properties of related 2D
semiconductor-based photodetectors were calculated, considering the effect of linearly polarized light.
Figure 3(a) shows the side view of the two-probe model photodetector used for transport calculations.
The transport system is formed of three parts, including left and right lead structures, and scattering
region. The left and right electrodes are semi-infinite in length along the transport direction of armchair
(zigzag). A small bias voltage of 0.5 V is exerted between the source and drain to generate a stable
photocurrent along armchair (zigzag) orientation. Additionally, a polarized light with a wavelength of
638 nm is vertically applied to the system, and the angle 6 in the b-c plane is defined as the polarization
angle of incident light. The polarization-angle dependent photocurrent for GeSe (Figure 3(d)), GeS, SnS,
SnSe, and SnS/GeSe vdW heterostructures-based (Figure S3) photodetectors was plotted in the polar
coordinate system. It clearly shows the photocurrent is very sensitive to the polarization angle, and
generates two-lobed polar plots. Moreover, the photocurrent along the zigzag orientation is larger than
that along the armchair orientation, indicating strong transport anisotropy. Additionally, we consider
the stacking effect on the optical properties through the formation of 2D vdW heterostructures. Due to
certain optical anisotropy along the armchair and zigzag orientations for single materials, we constructed
vdW heterostructures without any rotation angle. The calculated optical absorbance and linear dichroism
are provided in Figure S4. Compared to that of monolayers, the optical absorption was clearly enhanced
(Figure S4(a)). It could be attributed to the increase in the joint density of states and oscillator strength
near the band edges. At the same time, the optical linear dichroism of the 2D vdW heterostructures is
well preserved due to the structural asymmetry of each monolayer. Moreover, at the direct-gap minimum,
strong polarization is also observed.

To further verify the first-principles prediction that materials with in-plane orthorhombic structures
are expected to show strong optical anisotropy, related experiments were conducted. Photodetectors
based on 2D IV-VI GeSe(S) and SnSe(S) materials were fabricated, and the polarization sensitivity and
ambient stability were also tested because of the similar arrangement of atoms in the lattice for these four
materials. Figure S5(a) shows a schematic diagram of the device. The electrodes were constructed along
the armchair and zigzag of the materials using photolithography (the inset of Figure 3(e) and Figure S5).
Figure 3(e) (Figure S6) shows orientation-dependent I-V curves of a typical GeSe- (GeS- and SnSe(S)-)
based device measured under 638 nm laser illumination and dark conditions. The modulated laser beam
was first set to pass through a polarizer and halfwave plate (HWP), and finally illuminated on the samples.
The polarized photocurrent was measured by rotating the HWP every 15° to change the polarization
direction, while keeping the incident power constant. We note that if the vibration plane of the linear
polarized incident light makes an angle of # to the main section of the HWP, the transmission light
goes around the angle of 20 from the original orientation. The photocurrent along the a-axis is greater
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Figure 3 (Color online) (a) Schematic diagram of the model device used to calculate optoelectronic-transport properties for
GeSe(S)- and SnSe(S)-based photodetectors. (b) Optical absorbance of monolayer semiconductors with abscissa axis starting
with optical band gap. (c) Dichroic ratio of monolayer semiconductors with abscissa axis starting with an optical band gap.
(d) Calculated photocurrents are plotted with the linear-polarization laser of 638 nm in the polar coordinates. (e) Output char-
acteristics of GeSe-based photodetector. The inset shows a real image of the typical device based on GeSe with four electrodes
constructed in a and b directions. (f) Polarization-sensitive photocurrents are plotted with the linear-polarization laser of 638 nm
in the polar coordinates. (g) Time-dependent photocurrent I of the photodetector based on GeSe sample during the light cycling
on/off under a positive and negative source-drain voltage V. (h) The statistical values of the polarization ratios (anisotropic current
ratios) for five devices in each category (GeSe, GeS, SnSe, and SnS) at 0 days and 3 months after these devices were fabricated.
(i) The calculated Helmholtz free energy for 2D GeSe and GeS.

than that along the b-axis, which demonstrates strong anisotropy. The polarization angle-dependent
photocurrent was plotted in the polar coordinate system to further characterize the anisotropy of a
typical GeSe-based device. Figure 3(f) (Figure S7) clearly illustrates that the polarization dependence
of the photocurrent yields two-lobed polar plots, and agrees well with the first-principles calculations
(Figure 3(d) and Figure S3). The related values of the polarization ratio (PR) for the GeSe(S)- and
SnSe(S)-based devices are listed in Table S1 and are also consistent with the first-principles calculations
(Figures 3(b) and (c)). DFT calculations show that GeSe possesses a relatively low Helmholtz free energy
and greater stability than GeS (Figure 3(i)). In the experiment, the ambient stability and polarization
sensitivity were measured 15 days, 2 months, and 3 months after the devices were fabricated. Figure 3(g)
shows the on-off cycling photoresponse characteristics of the GeSe(S)- and SnSe(S)-based devices. After
3 months, a relatively stable photoresponse was shown for the GeSe(S)-based devices, while the SnSe(S)-
based devices did not show an evident and stable on/off cycling. This result indicates that GeSe(S)-based
devices are more stable than SnSe(S)-based devices. To characterize the polarization sensitivity of these
devices, the PR values were measured and are presented in Figure 3(h). Statistical analysis was further
conducted on four types of devices. For each category, 5 different devices were measured, and the
statistical PR values were compared between the prepared device and the device after 3 months. After
the three-month period, only 1 out of 5 devices in both SnSe(S) categories remained viable for the reliable
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polarization ratio test, while the other devices failed to produce consistent results. In contrast, all the
GeSe(S)-based devices worked normally after three months. By comparing the fluctuation magnitudes of
the numerical PR values for GeSe and GeS and considering the smaller individual variations among the
five GeSe-based devices (Figure S8), the GeSe-based devices exhibit greater ambient stability. Following
a comprehensive analysis of the theoretical computations and experimental measurements, a discerning
deduction emerges: materials composed of Ge exhibit greater stability in cationic contexts than their Sn
counterparts. Similarly, within anionic configurations, compounds incorporating Se demonstrate greater
stability than those containing S (as shown in Figures 3(g) and (h)). Moreover, the materials formed from
Ge (Se) are expected to have a higher polarization ratio than those formed from Sn (S) (Figure 3(c)).

3.3 Physical origin of optical anisotropy

To understand the physical origin of optical anisotropy in the 2D orthorhombic monolayers, and using
IV-VI compounds SiS, SnS, and GeSe as examples, we calculated their band structures, polarization (P,),
renormalized dichroic ratio (RDR) for optical transitions between the valence band maximum (VBM) and
conduction band maximum (CBM), and related wavefunction characteristics, as shown in Figure 4. Here,
the polarization (P,) of the transition from the VBM to the CBM along the K-point path is calculated
by the following:

Py = |(peem|Vyluvem)* / {ncem | Vyluves) | + | (ucem Vel pve) | (3)

where the pyem/cBM, Va, and Vy, are the wavefunctions of the CBM (VBM) and the derivation operators
for x and y, respectively. The polarizations for SnS, GeSe, SiS, SnS/SiS, and SnS/GeSe were calculated,
as shown in Figure 4(b). For the monolayers (SnS, GeSe, and SiS), the polarization corresponding
to the minimal direct-gap transition completely reaches 1/0, which indicates strong linear dichroism.
The polarization can be mapped to the energy bands along the K points in the Brillouin zone (BZ) to
further track the possible transition points with large optical anisotropy. SiS has a large energy range
(1.24-1.91 eV), and the space between these two arrows in Figure 4(a) is marked in the energy bands;
here, complete polarization can be sustained along the y direction. For higher energy transitions, the
polarization along the x direction may be obtained at a special energy; however, it may be strongly
impacted due to the lower transition occurring for larger photon energies. Thus, SiS can be a good
intrinsic y-polarization material. SnS can be z-polarized at the transition near the direct-gap minimum
(2.38 eV). With increasing photon energy, the a-polarization is greatly weakened, possibly due to the
involvement of some y-polarized transitions. GeSe is completely z-polarized near the direct-gap minimum
(1.54 €V), and the z-polarization can be effectively sustained within the energy range (1.54-1.67 eV). To
further characterize the polarization absorption with a given photon energy, the RDR can be another
good indicator that can establish a connection to the polarization. Here, the RDR is defined as follows:

A
DR=—Y 4
RDR A4 (4)

where A/, is the light absorbance along the x (y) directions. The RDRs for SnS, GeSe, SiS, SnS/SiS,
and SnS/GeSe were calculated, as shown in Figure 4(c). For these three prototype monolayers, the
first peaks all lie near the direct-gap minimum, the corresponding value is close to 1 (0), and similar
corresponding polarization trends are observed. The corresponding charge densities (wavefunctions) of
the CBM (VBM) at the direct-gap minimum are shown in Figure 4(d). The complete polarization
potentially occurred because the mirror symmetry plane was perpendicular to the XY plane, which
generally exists in IV-VI compounds with orthorhombic symmetry. As a result, the periodic part of the
CBM/VBM Bloch wavefunction (uvem/cem) has a certain parity along the x or y direction. As depicted
in Figure 4(d), the pyvpm and pepm of SnS and GeSe have even parity along the x direction. Therefore,
the optical transition between the CBM and VBM caused by z-polarized light is symmetrically forbidden
because (uepMm|Va|pveMm) (the reduced transition matrix elements for the x direction) is zero, leading to
complete y-polarization. For SiS, the puypym and pcopy have even symmetry along the y direction; hence,
the corresponding (ucem|Vy|pvem) (the reduced transition matrix elements for the y direction) is zero.
For structures with a monoclinic structure, usually no such mirror plane exists; thus, the uypm/cMm
does not have a particular parity, and the optical anisotropy is smaller than those with an orthorhombic
structure. For both SnS/SiS and SnS/GeSe vdW heterostructures, the polarization is close to 1 at their
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Figure 4 (Color online) (a) Band structures of SnS, GeSe, SiS, SnS/SiS, and SnS/GeSe, respectively. The orange and yellow
arrows marked in band structures indicate two critical optical transitions, which correspond to the location of the direct-gap
minimum and the peak (valley) energy in the RDR curves. Panels on the energy bands show charge densities at CBM (VBM) of
SnS/SiS and SnS/GeSe heterostructures. (b) VBM-to-CBM polarization for SnS, GeSe, SiS, SnS/SiS, and SnS/GeSe, respectively.
Dashed lines in the polarization curves correspond to these two critical optical transitions. (¢) RDR for SnS, GeSe, SiS, SnS/SiS, and
SnS/GeSe, respectively. The arrows mark the RDR at these two transition points. (d) Charge density (wavefunction) distributions
at CBM and VBM for SnS, GeSe, SiS, SnS/SiS, and SnS/GeSe, respectively. The wavefunctions of CBM and VBM for single
materials and heterostructures are plotted at the K points near the direct-gap minimum.

direct-gap minima (0.57 and 1.39 eV), indicating high y-polarization. This can also be further confirmed
by the large value of the corresponding RDR (Figure 4(c)). With higher transition energies (away from
the direct-gap minimum), for SnS/SiS (1.52 eV) and SnS/GeSe (1.65 V), the strongly y-polarized states
can be effectively maintained. When the photon energy is further increased, the optical anisotropy is
strongly impacted. Therefore, the transition matrix elements of the vdW heterostructure likely exhibit
large anisotropy along the X and Y directions, which is due to the certain parity and asymmetry of the
wavefunction.

To further study the physical origin of the optical anisotropy of these considered 2D materials, we used
the decision tree algorithm to examine the relationship between the LD values and lattice constants as
well as the difference in lattice constants, the electronegativity difference between cations and anions,
and the periodicity and groups of cations and anions. To use the classification decision tree, we classified
materials with an LD value of 0 as No LD, those with an LD value less than 1.5 as Low LD, and those
with an LD value greater than or equal to 1.5 as High LD. Seventy-five materials were classified. For the
same type of ion, we considered the electronegativity difference to be 0. The programming language we
used was Python, and the soft package used was sklearn. Through feature engineering, we found that
the classification accuracy is mainly related to the difference in the lattice constants, the difference in
electronegativity of the two types of ions, and the point group to which the material belongs. Therefore,
we ultimately used these three features for the decision tree classification and achieved a classification
accuracy of over 80%. The results from the decision tree classification are shown in Figure 5(a). According
to the classification of the first layer of the tree, if the lattice constant difference is less than 0.045 A,
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Figure 5 (Color online) (a) Classification decision tree for the relationships among LD, lattice constant, electronegativity, and
periodicity of materials generated by using methods. Lattice_delta represents the difference in lattice constants a and b. nega_delta
represents the electronegativity difference between two types of ions. Class represents the final classification label obtained in
the current node. Samples represent the number of material types included in the current node. Values represent the number of
materials belonging to the No LD, Low LD, and High LD groups in the current node. (b) Band alignment of 64 2D semiconductors.
The orange and green colors correlate to the conduction band and valence band, respectively. The vacuum space indicates the
bandgap of each 2D semiconductor. The vacuum level is selected for the energy reference. The purple, red, and green labels indicate
orthorhombic, monoclinic, and hexagonal lattices, respectively.

then the LD of the material is almost always 0. This result provides strong evidence that the difference
in the lattice constant determines the LD of two-dimensional materials. The results for the other layers
also indicate that the difference in electronegativity of the two types of ions affects the LD of the two-
dimensional materials to some extent. A large electronegativity difference can cause an unequal charge
distribution between the cations and anions. This results in an asymmetric wavefunction distribution
and may induce optical anisotropy. Thus, these results demonstrate that 2D materials with large lattice
constant and electronegativity differences incline to show high optical anisotropy.

From the perspective of device applications based on vdW heterostructures, the band offset plays a
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crucial role by affecting the carrier transport. Type-I alignment describes the confinement of charge carri-
ers, which is desired in semiconductor lasers, and type-II alignment is beneficial for the spatial separation
of electrons and holes and is, thus, widely used in the solar cell industry. Due to the great dislocation of
band edges in type-IIT alignment, these materials could be used for quantum tunneling devices. Using the
vacuum potentials as a reference, we calculated the band alignment of all 2D semiconductors. Figure 5(b)
shows the original band alignment among all aforementioned 2D semiconductors, where three types of
band alignment can be achieved by forming specific heterostructures. Note that the original band align-
ment may be slightly shifted due to charge transfer when forming vdW heterostructures, and it does not
affect the conclusion. Thus, this database can provide large property diversity (such as bandgap, optical
anisotropy, the type of band alignment, and their combinations), which facilitates multifunctional and
lensless polarization-sensitive optoelectronic devices.

4 Conclusion

In conclusion, in view of the unclear physical origin of linear dichroism and the lack of systematic theoret-
ical summaries and guidance for 2D semiconductors composed of main group elements (groups III, IV, V|
and VI), we constructed a database. In our 2D optical dichroism database, first-principles calculations
were performed on 100 kinds of 2D materials, including 65 compounds, 10 elementary materials, and
25 vdW heterostructures. In terms of the lattice symmetry, 2D materials can be classified into three
groups: orthorhombic, monoclinic, and hexagonal. Notably, the in-plane lattice asymmetry could be the
origin of the optical anisotropy because 2D materials with orthorhombic and monoclinic structures tend
to have considerable optical linear dichroism, while their hexagonal counterparts are optically isotropic.
Specifically, orthorhombic 2D materials possess larger optical anisotropy, and this large anisotropy could
be attributed to the intrinsic mirror plane in the lattice and the in-plane parity of the CBM and VBM
wavefunctions, which then leads to a completely polarized optical transition. In addition, the formation
of vdW heterostructures helps to improve the light absorption of the system and effectively preserves the
optical anisotropy of the materials. More importantly, various types of band alignment can be formed,
which greatly enriches the application of the 2D materials and heterostructures with in-plane LD.
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