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Abstract

The dependence of excited-state properties on dimensionality is the most prominent character
of nanostructures. Using first-principles many-body perturbation theory, we show how those
excited-state properties, i.e., quasiparticle energies and excitons, evolve with the dimensionality
of tellurium nanostructures that have attracted significant interest because of their high carrier
mobility and air stability. Even though the elementary atomistic structures are similar,
dimensionality dictates many-electron interactions and excited-state properties: the self-energy
correction to the band gap is increased from 0.22 eV in bulk to 0.90 eV in two-dimensional (2D)
monolayer, ultimately, to 2.70 eV in one-dimensional (1D) spiral tube; excitonic effects are weak
in bulk with an exciton binding energy less than 10 meV, while the exciton binding energy is
substantially enhanced to be 0.67 eV in monolayer and 2.40 eV in the 1D structure. Interestingly,
reduced dimensionality also produces substantial anisotropic optical response through
many-electron interactions: local-field effects dominate the optical spectra of 2D and 1D
structures and induces highly anisotropic optical responses. These results not only reveal a
systematic picture for understanding the evolution of excited-state properties with dimensionality
but also suggest the possibility of designing macroscopic electronic and optical properties by

engineering nanosized building blocks.



Introduction

Quasi-one-dimensional (1D) and quasi-two-dimensional (2D) crystals have attracted
tremendous attention in recent years because of their novel properties and potential for broad
applications in electronics, optoelectronics, and spintronics.!'®! As the dimensionality is reduced
from three-dimensional (3D) to 2D and 1D, Coulomb interactions between electrons are
enhanced, dramatically enlarging many-electron effects and inducing novel excited-state
properties. For example, the exciton binding energy is usually negligible (about a few meV) in
bulk semiconductors, such as Si and GaAs, while it is about a few hundred or even thousands
meV in 1D and 2D semiconductors.”'?! Despite many studies on individual nanostructures, a
systematic understanding of how quantum confinement impacts excited-state properties and,
particularly, how many-electron effects evolve with the dimensionality is still not complete. This
may be because there are very few materials that can be constructed by using the same
elementary building blocks to cover all of bulk, 2D, and 1D structures. For example, there are 1D
carbon structures, such as carbon nanotubes (CNTs)!"*! and graphene nanoribbons (GNRs).
However, CNTs and GNRs do not naturally form 2D structures (graphene) and bulk (graphite).
As a result, the electronic structures and excited-state properties among graphite, CNTs, and
GNRs are impacted by not only the quantum confinement but also edge (passivation) and
warping effects.

Bulk tellurium (Te) is a p-type semiconductor with an indirect band gap of ~ 0.35 eV.'*]
Particularly, a Te crystal is composed of individual helical Te chains stacked together and held by
van der Waals (vdW) force. Thus, a Te crystal is also considered as a 1D vdW solid.!">"®! Recently,
large-area solution-grown 2D tellurium (termed by tellurene) with a pronounced high carrier
mobility and air stability has been successfully fabricated by a substrate-free solution phase

17-20]

process and mechanical exfoliation.| The experiment demonstrates that mechanical

exfoliation has the potential to fabricate single-atom chains of Te.'¥! Substantial quantum
confinement effects have been observed in ultra-thin 2D Te made of helical Te chains.!">?!'?%

Therefore, the elementary helical Te chain structure serves as a natural and unique candidate for

studying how the excited-state properties, i.e., the quasiparticle energies and excitons, evolve
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with the dimensionality of solids that have the same nanosized building blocks.

In this paper, we employ the first-principles GW-Bethe-Salpeter Equation (BSE) simulation to
explore the quasiparticle band energy and electron-hole (e-4) interactions of Te structures: bulk,
2D, and 1D. These many-electron effects are strongly influenced by the dimensionality: the
self-energy correction of the band gap is increased from 0.14 eV in bulk Te to 0.9 eV in
monolayer Te, and further to 2.7 eV in 1D chain of Te. This dimensional effect is more significant
in excitonic effects: the exciton binding energy is less than 10 meV in bulk Te, while it is
substantially increased to 0.67 eV in monolayer and further to 2.40 eV in the 1D structure. In
addition to impacting energies of quasiparticles and excitons, dimensionality also determines
optical polarization properties through many-electron interactions and the depolarization effect.
The 1D and 2D structures exhibit substantial anisotropic optical responses: they mainly absorb
and emit light polarized along the chain direction or along the in-plane directions. However, the

optical spectrum is nearly isotropic in the 3D structure.

Computational methods

The structures are fully relaxed by density functional theory (DFT) with the general gradient
approximate (GGA) using the Perdew-Burke-Ernzerhof (PBE)**! exchange-correlation potential
implemented in the Quantum ESPRESSO package.” The ground state and eigenvalue are
obtained with the norm-conserving pseudopotential.**! The plane-wave basis is set with a cutoff
energy of 60 Ry. A k-point sampling grid in the reciprocal space is 1 X 1 x 8 for a chain of Te, 8 x
11 x 1 for monolayer Te, and 12 x 12 % 8 for bulk Te. The total energy is converged to be within
1 x 10 eV. There are three atoms per unit cell of all the structures. To avoid the interactions of
periodic structures, for monolayer Te, a vacuum space of 15 A is added along the direction
perpendicular to monolayer Te surface; for a chain of Te, a vacuum space of 15 A is added along
the two directions perpendicular to the chain direction.

The GW-BSE calculations are performed using the BerkeleyGW code!®® including the slab

27-28

Coulomb truncation for monolayer Te and the wire truncation for a Te chain.*”**! Quasiparticle

band energy is calculated using the single-shot GoW, approximation within the general Plasmon
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pole model.” The involved unoccupied conduction band number is about ten times of the
occupied valence band number for achieving the converged dielectric function and quasiparticle
band gaps. The 1 X 1 x 12,12 x 16 x 1, and 9 x 9 x 6 coarse k-grids are used in calculating GW
quasiparticle band gaps and the coarse-grid e-/ interaction kernels of bulk, monolayer, and spiral
Te structures, respectively. In solving the BSE for the converged exciton energies and optical
spectra, we use a fine k-point grid of 1 x 1 x 60 for a chain of Te, 60 x 80 x 1 for monolayer Te,
and 36 x 36 x 24 for bulk Te. At the GW-BSE level, following the previous work®%, we consider
the first-order spin-orbit correction (SOC) by using the energy difference between the two
Kohn-Sham split eigenvalues to correct the GW quasiparticle energies. On the other hand, the
impact of SOC on the dielectric screening is not included in the GW-BSE calculations. Since
SOC usually reduces the band gap, it will essentially increase the screening and thus reduce
electron-electron and electron-hole interaction. As a result, the GW corrections and exciton
binding energy may be slightly overestimated.

Results and Discussions

1. Bulk Te

The structure of bulk Te is presented in Figs. 1(a) and (b). The most important character of
this bulk structure is that it is constructed by bundles (arrays) of 1D spiral Te chains, which are
stacked together by vdW force. Strong inter-chain coupling appears in monolayer Te as presented
in Figs. 1(d) and 1(e), which is consistent with the previous studies.’***"-*'*?! The first Brillouin
zone (BZ) and high-symmetry points of bulk Te are plotted in Fig. 1(c). The DFT-calculated
lattice constants of bulk Te are a = b = 4.47 A and ¢ = 5.90 A, which are in a good agreement

20, 33-34

with available measurements, as shown in the Table 1.! I The lattice constants of monolayer

Te are a = 5.60 A and b = 4.20 A, which are in a good agreement with the previous theoretical
ones, 33 and the lattice constant of chain Te is ¢ = 5.66 A.

The DFT-calculated band structure without SOC along the high-symmetry directions of bulk
Te is shown in Fig. 2(a) (black lines). The conduction band minimum (CBM) is located at the H

point, while the valance band maximum (VBM) is also around the H point but slightly away.
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Therefore, bulk Te is regarded as a nearly direct band-gap semiconductor. The DFT-calculated
indirect band gap is about 0.17 eV and the direct band gap is about 0.19 eV at the H point.
Importantly, the sharp band dispersion of the CBM results in a small effective mass of electrons,
which contributes to the observed high electron mobility of bulk Te.*”! After considering the
self-energy correction through the single-shot GoW, approach (the blue line), the band gap is still
nearly direct: the direct one is enlarged to be 0.41 eV and the indirect one is around 0.39 eV. Such
a 116% enhancement (self-energy correction) of quasiparticle band gap is similar to those of bulk
semiconductors. For example, the band gap of bulk silicon is increased by the GW calculation to
be 1.29 eV from the DFT value of 0.52 eV, which is also around 148 %.*”! The DFT-calculated
band structure of bulk Te after considering SOC is shown in Fig. 1(a) by the light-blue lines. SOC
induces the splitting of the conduction band along the '—A high symmetry line, and bulk Te
shows metallic bands with zero band gap. The DFT-calculated band gap with SOC around the H
point is about 0.03 eV. For bulk Te. However, the band gap observed via the transmission spectra
and photoconductivity spectra experiments is 0.32~0.33 eV. ® As listed in Table 2, our
GW-calculated quasiparticle band gap with SOC included is about 0.25 eV. This 70 meV
discrepancy is already within the typical error bar of the single-shot GyW, approach.

The optical absorption spectra of bulk Te are presented in Figs. 2(b) and 2(c). The optical
absorption is defined as the imaginary part of the dielectric function.”” Given the strongly
anisotropic structure of bulk Te, we show the optical spectra for the incident light polarized
perpendicular to the axial direction (the x/y direction in Fig. 1(a)) and along the axial direction of
spiral Te (the z direction in Fig. 1(b)), which are shown in Figs. 2(b) and 2(c). First, let us focus
on the optical spectra based on single-particle interband transitions without including e-4
interactions. The overall optical absorption spectrum is anisotropic. However, for the incident
light polarized perpendicular to the axial direction along Te chains, the optical spectrum is
isotropic due to its trigonal structure, i.e., the optical spectra of the incident light polarized along
the x and y directions are isotropic. Therefore, we only present the spectra for the incident light

polarized along the x direction (E L z), which is defined in Fig. 2(b). The sharpest slope of the



optical absorption is located at the direct band gap around 0.41 eV. Thus, the interband transition
between the lowest conduction band and the highest valance band is active for the x/y-direction
polarized light. The absorption at the onset is weak owing to the small effective mass (0.13 m.)
and the low density of states (DOS). The band gap of bulk Te observed in the transmission
spectra and photoconductivity spectra experiments is 0.32-0.33 eV, which is slightly smaller than
the calculated BSE optical gap of 0.41 eV without SOC. With SOC included, the calculated gap
is estimated to decrease to 0.25 eV.

In Fig. 2(c), we present the optical absorption spectrum for the incident light polarized
parallel to the axial direction of Te chains (£ // z). Interestingly, the optical absorption starts at
around 0.56 eV, which is about 140 meV higher than that in Fig. 2(b). This is because the
interband transition between the lowest conduction band and the highest valance band is
forbidden for the parallel-polarized incident light due to the crystal symmetry. Our simulation
shows that the lowest-energy optical absorption in Fig. 2(c) starts from the transition between the
second highest valance band to the lowest conduction band around the H point. The first optical
absorption for the incident light polarized perpendicular to the z axis is about twice larger than that
parallel to the z axis.

After including e-/ interactions, as shown in Figs. 2(b) and 2(c), the optical absorption spectra
are barely changed. Excitonic effects in bulk Te are weaker than those in the typical bulk
semiconductors. For example, the optical absorption spectrum of bulk silicon is significantly
changed by e-/ interactions although its e-4 binding energy is small.*”! In bulk Te, the first bound
exciton is formed by transitions from the highest valance band to the lowest conduction band
(vi—c;) around the H point (corresponding to the direct band gap) with the incident light
polarized perpendicular to z direction. For the incident light parallel to the z direction, the first
bright exciton is formed from the highest valance band to the first conduction band transition
(vi—c¢y) along the H—A high symmetry line near the H point. The estimated upper limit of the
exciton binding energy is less than 10 meV, which is comparable to those of other bulk

[39-41

semiconductors."**!! The strong screening in bulk semiconductors usually results in a small



40-42] particularly, the sharp band dispersions around the band edges at the

exciton binding energy.!
H point further reduce the e-/ interactions due to the small effective mass of electrons and holes,
and low DOS. This conclusion is further confirmed by Fig. 2(d), in which the joint density of
states (JDOS) and density of excitonic states (DOES) of bulk Te are plotted together. The
single-particle JDOS and two-particle DOES are identical, indicating excitonic effects are nearly
negligible in bulk Te.

2. Monolayer Te

17-18. 201 More recently, it is shown that monolayer

Bulk Te can be grown into ultra-thin layers.!
Te can be fabricated by the substrate-free solution phase process and molecular beam epitaxy on a
graphene/6H-SiC(0001) substrate.'”"® 2"} The ball-stick structure of monolayer Te is presented in
Figs. 1(d) and 1(e). Interestingly, the distance between 1D Te chains is substantially reduced from
the 0.27 nm (bulk) to 0.21 nm (monolayer), implying an enhanced interchain interaction in
monolayer Te. As a result, a well-defined 2D structure can be formed in orthorhombic lattices, as
shown in Fig. 1(d). Our calculated in-plane lattice constants are @ = 5.60 A and b = 4.20 A, which
are in a good agreement with the recent theoretical predictions and experimental

20-21, 31,35

measurements.| I The first BZ and high-symmetry points are shown in Fig. 1(f).

The DFT-calculated band structure without SOC (black lines) of monolayer Te is presented
in Fig. 3(a). A 1.2 eV indirect band gap is observed: The VBM is located at the I point, while the
CBM is located at the X point. The direct band gap is 1.45 eV at the I' point. After including
many-electron interactions, the overall self-energy correction is roughly a rigid shift of the
DFT-calculated band structures, and the quasiparticle band gap is increased to be 2.35 eV, roughly
a 62 % enhancement. This is similar to those of monolayer transition metal dichalcogenides and
other 2D semiconductors.™ '****! Monolayer Te has a direct band gap of 1.03 eV at the I point
after considering SOC shown by light-blue lines in Fig. 2(a). The band gap is enlarged to be 1.92
eV with SOC included at the GW level. The observed gap of monolayer Te is 0.92 eV by the in

situ scanning tunneling microscopy (STS),"” which is smaller than our calculated GW gap of 1.92

eV. However, it is hard to draw a conclusion for this comparison, and many factors may attribute



to this inconsistency. For example, the experimental sample is on a metallic substrate while our
calculated one is freestanding. The metallic substrate will substantially enhance the electronic
screening and reduce quasiparticle band gaps.!*”? Previous studies have shown that the metallic
graphene substrate can reduce the quasiparticle band gap of monolayer MoS, by about 400 meV.
48] Moreover, the metallic substrate in experiment may introduce doping, which is another factor
to reduce the quasiparticle band gap. Previous studies have shown that a moderate doping density
of around 10" e¢m™ can reduce the band gap by a few hundred meV in monolayer MoS,."*>%
Therefore, it is not surprising to find that our calculated quasiparticle band gap of intrinsic and
freestanding monolayer Te is substantially larger than that measured in samples on metallic
substrates. We expect that future experiments on suspended and intrinsic samples will reduce this
discrepancy. Due to the orthorhombic geometries of the atomistic structure of monolayer Te, an
anisotropic band dispersion around the band gap is observed, which is similar to that of black
phosphorus.®"

Because of the artificial vacuum between monolayers in our periodic boundary condition,
we cannot use the imaginary part of the dielectric function, which is not well defined in

1521 we define the optical absorbance, which is

suspended 2D structures. Following the reference
how much light is absorbed when the light goes through a slab structure. Because of
orthorhombic in-plane lattices, the optical absorption spectrum is expected to be anisotropic,
which is similar to that of monolayer black phosphorus (BP). Therefore, we plot the optical
absorption spectra for the incident light polarized along the x, y, and z direction (the directions are
shown in Figs. 1(d) and 1(e)) in Figs. 3(b), 3(c), and 3(d), respectively. The optical absorption
spectra based on single-particle interband transitions are shown by solid blue lines, which are
obviously anisotropic.

It is well known that excitonic effects are dramatically enhanced in suspended monolayer

[8. 4243, 461 The optical absorption

semiconductors and they dictate observed optical responses.
spectra with e-/ interactions included are presented by solid red line and show an obvious

anisotropy. The lowest-energy bright exciton polarized along the armchair direction is located at



1.88 eV, indicating a 0.47-eV e-h binding energy (Fig. 3(b), while the lowest-energy bright
exciton polarized along the zigzag direction is located at 1.68 eV, indicating a 0.67 eV e-/4 binding
energy (Fig. 3(c)). These in-plane anisotropic optical absorption spectra are similar to those of
monolayer BP.****! As a result, we expect the photoluminescence (PL) of monolayer Te will
exhibit the well-known figure-8 shaped polarization distribution just like in monolayer BP. In
other word, the emission light will be dictated by the exciton located at 1.68 eV with the linear
polarization along the zigzag direction.

These lowest-energy bright exciton binding energies in monolayer Te are comparable with
those of monolayer graphdiyne, TMDs, and BP.*'* %4461 Our further analysis shows that the
exciton at 1.68 eV polarized along the zigzag direction is mainly constructed from the band-edge
states around the I" point. The JDOS and DOES of monolayer Te are plotted in Fig. 3(e). Unlike
bulk Te, whose JDOS and DOES are nearly identical, the DOES of monolayer Te exhibits a clear
red shift with respect to the JDOS due to the significant e-4 attractions.

When the incident light is polarized perpendicularly to monolayer Te, another enhanced
anisotropic effect is observed. As shown in Fig. 3(d), the optical absorption spectrum is
completely quenched upon inclusion of e-/ interactions although the single-particle interband
transitions (the solid blue line) are still significant. Different from the in-plane anisotropy that is
from the crystal symmetries, this anisotropy comes from a many-electron effect due to the
depolarization effect/local-field effect, which is essentially from the off-diagonal elements of the
non-local dielectric function.” The build-in depolarization effect from the surface boundary
condition will strongly screen the external electric field of the incident light, resulting in the
depressed optical absorption around the quasiparticle band gap and energy regime below it. It
should be noted that the local-field effect is not an excitonic effect, because it is not due to the
attractive e-h interaction but rather from the e-# exchange term.

3. Chain Te
Finally, we turn to study many-electron effects and excited-state properties of the elementary

building block of all above bulk and 2D Te structures. The structure of the 1D spiral chain made



by Te with the top and side views is shown in Figs. 1(g) and 1(h). Our calculated axial lattice
constant is about 5.66 A, which is similar to those of bulk and monolayer. Studies on
many-electron effects of similar structures, such as 1D Se, have been reported recently.””

The DFT-calculated and quasiparticle energy band structures of the isolated chain Te without
SOC are plotted in Fig. 4(a). Similar to their bulk and 2D structures, 1D chain of Te is an indirect
semiconductor with the VBM along the Z — I’ direction and the CBM is located at the I" point.
The DFT-calculated indirect band gap is about 1.69 eV, and the direct band gap is 1.75 eV located
at the I" point. An enhanced self-energy correction is obtained in this 1D semiconductor: the direct
band gap is increased to be 4.47 eV. This 155 % enhancement of the band gap is much larger than
that of bulk Te (116 %) and monolayer Te (62 %). It is comparable to other 1D semiconductors.
For example, the self-energy corrections to the H chain, BN chain, and thin (8, 0) CNT are about
3.84, 3.93 and 1.75 eV, which are about 170%, 102%, and 292 % of their DFT band gaps,
respectively.”* With SOC included, the direct band gap of a chain Te is increased to be 4.23 eV
after self-energy correction.

The optical absorption spectra of 1D Te are presented in Fig. 4. As mentioned previously, the
imaginary dielectric function of an isolated 1D nanostructure is not well defined. Therefore, we
plot the optical absorption spectra with the imaginary part of the polarizability (¢, ) per chain in
unit of nm>."” The calculated polarizability is defined by the dielectric susceptibility, y = (¢ —
1)/4m, multiplied by the cross-sectional area of the supercell perpendicular to the chain axis. In
Fig. 4(b), for the single-particle optical absorption spectrum, its starts from the quasiparticle band
gap (~ 4.4 eV) and exhibits a well-defined 1D van-Hove singularity.

After including e-% interactions, the optical absorption spectra are completely dominated by
anisotropic excitonic states. For example, we observe two bright excitons for the light polarized
along the z direction, which is marked as £, and E; in Fig. 4(b). The e-A binding energy of the
lowest-energy E; exciton is about 2.40 eV, which is comparable with that of the chain Se (2.77 eV)
and significantly surpasses that (0.67 eV) in monolayer Te."™ A very large exciton binding energy

of 3.5 eV was calculated in the BN chain.”! Our further analysis shows that the E, exciton is from

10



the interband transitions between the first, second, and third highest valence bands and the first
conduction band (v, v,, vs—c;), while the E, exciton is mainly from those between the first and
second highest valence bands and the second lowest conduction band (v;, v,—c¢,) and those
between the third highest valence band and the third lowest conduction band (v;—c3).

The anisotropic optical response is observed in optical absorption spectra of 1D Te. As shown
in Fig. 4(c), the optical absorption for the incident light polarized perpendicularly to the axial
direction of 1D Te is significantly depressed because of the similar depolarization/local-field
effect, which is implemented through the e-4 exchange interactions when solving the
corresponding BSE. Finally, to further explore the optical properties of chain Te, we plot the
JDOS and the DOES of chain Te. The vertical band-to-band transition starts at 4.47 eV, which
corresponds to the direct quasiparticle band gap. The first absorption of exciton is located at 2.07
eV with a small DOES.

4. Discussion

To address the dimensionality impacts on excited-state properties, we have plotted the
self-energy corrections and exciton binding energies as function of the dimensionality in Fig. 5(a)
and listed these values in Table 2. It is clear that many-electron effects are substantially enhanced
when the dimensionality is reduced even when the materials are built by the same elementary
building block, i.e. the 1D spiral Te chain. It is noteworthy that the self-energy corrections are
comparable with the exciton binding energies at the same dimensionality, reflecting the similar
strength of (electron-electron) e-e and e-% interactions. One reason for this enhanced quantum
confinement effect is from the depressed Coulomb interactions. As discussed in previous studies,
the Coulomb interaction is poorly screened in suspended reduced-dimensional structures because
of the vast surrounding vacuum. As a result, e-e and e-/ interactions are drastically enhanced. The
DFT band gap is indeed dependent on the quantum confinement that is tightly associated with
dimensionality. Namely, the band gap significantly increases with the decreasing dimensionality.
Actually, the DFT band gap increases from 0.19 eV in bulk Te, to 1.45 eV in monolayer Te, and

1.75 eV in chain Te.
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Beyond this point, we also find that the dimensionality itself and quantum confinement of
wave functions also contribute significantly to enhanced many-electron effects. This is evidenced
by the plot of real-space wave functions of excitons as shown in Figs. 5(b) and 5(c). Because the
exciton wave function is two-body, we fix the hole at the center (marked by the black spot) and
plot the corresponding electron distribution. As shown in Figs. 5(b) and 5(c), the exciton size in
the extended direction of the 1D and 2D structures is similar, about 1 nm. This is substantially
smaller than those of excitons in bulk, which is usually around tens of nm. Our estimate of the
exciton size of chain Te according to the formal definition (<y | /> | y>) is smaller than that of
monolayer Te. The result is consistent with the difference between e-4 binding energies: that of
1D Te is about 2.40 eV while that of 2D Te is about 0.67 eV. The lower dimensionality always
tends to enhance the e-A4 binding energy. Therefore, even with the similar exciton size in the
extended direction, the dimensionality will substantially impact the e-4 binding energy and
exitonic effects in nanostructures.

Following the previous work,”™ the exciton binding energy is further calculated by two
simple models in conjunction with the ab initio results. We calculate the exciton binding energy

of bulk Te according to the model E,° = 2% , where u is the excitonic effective mass and &,
80

. . . . 1 1 1 * "
is the static dielectric constant. The excitonic reduced mass g (—=—+—-, m, and m,
m, m,

are the effective mass of electron and hole, respectively) is calculated by the band structure with a
value of 0.13 me, and the dielectric constant of bulk Te (28) is obtained from the reference.”” We
get the exciton binding energy of bulk Te to be 2.2 meV, which is well consistent with the
GW-BSE result that is less than 10 meV.

We also calculate the exciton binding energy of monolayer Te according to the model

8u
2D __ [58] - . . . e
E,;" = . in which ¢, is the polarizability of monolayer Te. The

(1414327051013

polarizability ¢, is calculated according to the ¢—0 behavior of the dielectric function
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1
g (q)~ , in which L is the lattice constant perpendicular to the

e, (1-e ) /L

monolayer Te surface. The g-point is chosen at ¢ = 0.001 b;, where the inverse dielectric function
has a value of 0.96. The excitonic reduced mass of monolayer Te is 1.49 m.. The calculated
exciton binding energy of monolayer Te through this model is 0.61 eV, which is in a good
agreement with the GW-BSE value of 0.67 eV.
Conclusion

In summary, first-principles many-body perturbation theory has been used to explore the
quasiparticle energies and excitons evolving with the dimensionality of tellurium. Enhanced
self-energy corrections to the quasiparticle band gap and e-/ interactions are observed with the
reduced dimensionality because of the depressed Coulomb screening. The binding energy of
exciton is about few meV for bulk Te and increases to 0.67 eV for monolayer Te and even to 2.40
eV for chain Te. Strong bound excitons are formed in 2D and 1D Te with the wave function
localized in the size about the a few times of their lattice constants. Moreover, the polarization
properties with e-% interactions included are also dependent on the dimensionality and crystal
symmetries. The optical spectra for 1D and 2D Te are anisotropic with localized excitons, while
those of 3D Te are isotropic in the plane perpendicular to the direction along the spiral chain.
These results shed light on the device design of Te nanostructure and disclose the connection

between the dimensionality and the many-body effects.
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Table 1. Lattice constant of bulk Te, monolayer Te, and chain Te.

a(A) b (A) ¢ (A)
4.47 (our result) 4.47 (our result) 5.90 (our result)
Bulk Te 4.467 4.464 5.92P4, 59303
4.452% 4.45 5.93%0
5.60 (our result) 4.20 (our result)
Monolayer Te /
5 49121, 35-36] 4.17121,35-36]
Te Chain / / 5.66

Table 2. Comparison of band gaps and exciton binding energies with the dimensionality. E;)EE

and E; W are the direct band gaps calculated by the DFT-PBE and GW methods, respectively.
E:m+m(ew and EgGMSOC(eV) are the direct band gap at the DFT-PBE and GW methods with

inclusion of SOC, respectively. EgE‘p is the measured gap. Egp " is the lowest-energy absorption

peak position with including the e-# coupling, and E, is the binding energy of the lowest-energy

bound exciton.

EPEV)  EFTEV ENEV) BNV ENEV)  ETEV)  E (ev)

Bulk Te 0.19 0.03 0.41 0.25 042  0.32-0.33P  <0.01
Monolayer Te 1.45 1.02 (1.0321) 235 1.92 1.68 0.9212" 0.67
Te Chain  1.75 (1.72%) 1.51 4.47 423 2.07 / 2.40
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Fig. 1 (a-h) Top (left panel) and side (middle panel) view of bulk (a, b), monolayer (c, d), and

chain (e, f) tellurium. (c-e) Brillouin zones of bulk (c) and monolayer (f) tellurium.
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Fig. 2 (a) Band structure of bulk Te. The black, light blue, and blue line represent the band
structures calculated at DFT-PBE, DFT-PBE-SOC, and GW level, respectively. (b, ¢) Optical
absorption spectra (calculated without including SOC effects) of bulk Te for the incident light
polarized along the x (b) and z (c) direction, respectively. The single-particle optical absorption
spectra and those spectra with inclusion of e-4 interaction are presented by the blue and the red
solid line, respectively. (d) Interband joint density of states (JDOS) (blue line) and density of

excitonic states (DOES) (red line). They nearly coincide.
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Fig. 3 (a) Band structures of monolayer Te calculated at the DFT-PBE (black line),
DFT-PBE-SOC (light blue), and GW level (blue line). (b-d) Optical absorption spectra (calculated
without including SOC effects) of monolayer Te for the incident light polarized along the x (b), y
(c), and z (d) direction, respectively. The single-particle optical absorption spectra and those
spectra with inclusion of e-/ interaction are presented by the blue and the red solid line,
respectively. (e) Interband JDOS (blue line) and DOES (red line) of monolayer Te (divided by

@ in arbitrary units).
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Fig. 4 (a) Band structure of chain Te. The black, light blue, and blue line represent the band
structures calculated at the DFT-PBE, DFT-PBE-SOC, and GW level, respectively. (b, ¢) Optical
absorption spectra (calculated without including SOC effects) of chain Te for the incident light
polarized along (b) and vertical (c) to the chain direction and vertical to the chain direction. The
single-particle optical absorption spectra and those spectra with inclusion of e-4 interaction are
presented by the blue and the red solid line, respectively. (d) Interband JDOS (blue line) and

DOES (red line) of chain Te (divided by @’ in arbitrary units).
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Fig. 5 (a) Evolution of the self-energy correction to the band gap and the binding energy of the
first bound exciton with the dimensionality (the dash line is a guide to the eye). (b)-(c) Top and
side views of the first bound exciton distribution of monolayer and chain Te in real space,

respectively. The hole is fixed at the black spot. The isosurface is 1 x 10® electron/cm’.
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