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ABSTRACT

We performed a comprehensive first-principles study on the structural and
electronic properties of ZnSe two-dimensional (2D) nanosheets and their derived
one-dimensional (1D) nanoribbons (NRs) and nanotubes (NTs). Both hexagonal and
tetragonal phases of ZnSe (h-ZnSe and t-ZnSe) were considered. The tetragonal phase

is thermodynamically more favorable for 2D monolayer and 1D pristine ribbons, in

contrast, the hexagonal phase is preferred for the edge-hydrogenated 1D NRs and NTs.

The 2D h-ZnSe monolayer is a direct-bandgap semiconductor. Both the pristine
zigzag mnanoribbons (z-hNRs) and the corresponding edge-hydrogenated NRs
gradually convert from direct-bandgap semiconducting phase into metallic phase as
the ribbon width increases; the pristine armchair nanoribbons (a-hNRs) remain as
semiconductors of indirect bandgaps with increasing ribbon width, and edge
hydrogenating switches the indirect-bandgap feature to the direct-bandgap character
or the metallic character as the different edge passivated style; the 1D h-ZnSe
single-walled nanotubes in both armchair and zigzag forms keep the direct-bandgap
semiconducting property of the 2D counterpart but with smaller band gaps. For the
thermodynamically more favorable t-ZnSe monolayer, the intrinsic direct-bandgap
semiconducting character is rather robust: The derived 1D nanoribbons with edge
unsaturated or hydrogenated fully, and 1D single-walled nanotubes all preserve the
direct-bandgap semiconducting feature. Our systemic study provides deep insights
into the electronic properties of ZnSe-based nanomaterials and is helpful for
experimentalists to design and fabricate ZnSe-based nanoelectronics.

KEYWORDS: ZnSe, two-dimension, one-dimension, nanosheet, nanoribbon,
nanotube, stability, electronic structure, hydrogen passivation, density functional

theory
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1. INTRODUCTION

Since the discovery of graphene in 2004,' great progress has been achieved in
the field of two-dimensional (2D) materials.>” The 2D materials family has been
continuously enriched by new family members, such as transition-metal
dichalcogendies (TMDCs),4 BN, silicene,® germanane,’ Gas,® phosphorene,9 2D
transition metal carbides and nitrides with the chemical formula M+ X, (M = Sc, Ti,
V, Cr, Zr, Nb, Mo, Hf, Ta; X =C,N; n =1 — 3),10 and various inorganic graphene
analogues (IGAs)."" Generally, these 2D nanomaterials are featured by high special
surface area, abundant active surfaces, light in weight, high flexibility and
transparency,'> and have tunable electronic, optical, catalytic, and electrochemical

properties, which bring great promise for modern technology.'>*

For example, the
single-layer MoS;, the most famous member of TMDCs family, is a semiconductor
with a direct band gap (~ 1.8 eV) and relatively high on/off ration, which is regarded
as a promising material for field effect transistor.”> Phosphorene, firstly isolated in the
laboratory through mechanical exfoliation from bulk black phosphorus,® has the
drain current modulation up to 10° and carrier mobility up to 1000 em®v!'s™, which
makes it a potential candidate for future nanoelectronics applications.’

Among diverse 2D layered materials, group II-IV binary chalcogenides ZnX and
CdX (X =S8, Se, and Te) layered materials have drawn significant attentions in recent
years."” %’ "3 Due to the superior tunability in the electronic properties,’’
semiconductors ZnX and CdX have long been of tremendous interest for a board
range of applications, including transistors, heterojunction diodes, photoconductors,
and photovoltaic devices.®” >’ Recently, Sun e al. successfully synthesized the

freestanding ZnSe monolayer with four-atom thickness and quasi-honeycomb lattice

by wusing a strategy involving a lamellar hybrid intermediate, and their
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photoelectrochemical tests demonstrated that this nanosheet has outstanding
performance for solar water splitting.* This pioneering work inspired theoretical
studies on the electronic structure and intrinsic properties of freestanding ZnSe
monolayer, and various freestanding single-layer to multi-layer sheets of ZnX and
CdX with or without honeycomb lattices have been proposed as synthesis
targets.zg'3 34 Interestingly, a new structure of ZnSe monolayer with tetragonal lattice
(t-ZnSe)*! was predicted to be energetically more favorable than the experimentally
synthesized pseudohexagonal ZnSe (ph-ZnSe) counterpart,*’ and might have superior

incident photon-to-current conversation efficiency for solar water splitting.”>'*?

Moreover, the electronic and optical properties of the doped t-ZnSe monolayer,*"**
its potential applications in photocatalyst and Li-ion batteries, ¥ and the
photocatalytic properties of the tetragonal ZnS/ZnSe hetero-bilayer have also been
theoretically investigated.**

Tunability of electronic properties of 2D materials is crucial for their applications
in electronics and optoeletronics. Previous theoretical studies mainly focused on the
structural properties and its applications in photocatalysis and energy storage of the
2D ZnSe sheets, but a few important issues related to ZnSe nanomaterials have not
been addressed. For example, what are the stabilities of 1D ZnSe nanoribbons and
nanotubes in hexagonal and tetragonal phases? How do the electronic characters of
these 1D ZnSe nanomaterials vary compared to the 2D counterparts? In this article,
we reported a systematic study of the stability of 1D ZnSe nanoribbons and
single-walled ZnSe nanotubes, and compared their electronic properties to the 2D

nanosheets. The computational results show that the dimensional effect is important to

tune the electronic properties.
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2. COMPUTATIONAL METHODS

In this work, all the computations were performed with the periodic density
functional theory (DFT) with plane-wave basis set as implemented in the Vienna ab
initio simulation package (VASP).**" The ion-clectron interaction was described
with the projector augmented wave (PAW) method.*® The Perdew-Burke-Ernzerhof
(PBE)* functional under generalized gradient approximation was used to describe
the exchange and correlation. The plane-wave basis set with the energy cutoff of 500
eV was used through all computations. Brillouin zone sampling was adopted with the
Monkhorst-Pack (MP) special k-point meshes.”® The k grids for nanosheet,
nanoribbon, nanotube were 10x10x1, 1x10x1 and 1x1x10, respectively, for geometry
optimizations. The vacuum space was larger than 10 A between two adjacent images.
Geometric structures were relaxed until the force on each atom is less than 1x10™
eV/A and the energy convergence criteria is 1x10” eV/A. For every system, the unit
cell was optimized to obtain the lattice parameters corresponding to the lowest energy.
Considering the underestimated band gaps by PBE functional, the
Heyd-Scuseria-Ernzerh hybrid functional (HSE06)’'"? was used to get more reliable
band gap values.

To evaluate the stabilities of ZnSe monolayers, nanoribbons and nanotubes, we
calculated the cohesive energy per atom (E.) using the following definition: E,. =
(nEz, + mEs, — Ezyse) / (m + n), where E,, Es. and E,s. represent the total energy of a
Zn atom in bulk Zn, a Se atom in bulk Se, and the ZnSe per unitcell, respectively, n(m)
denotes the number of Zn (Se) atoms in a unit cell. According to this definition,
systems with larger values (positive) of E. are energetically more favorable. For the
edge-hydrogenated nanoribbons, the binding energy per H atom is defined as E;, =

(nEy + Exg — Enng) / n, where Ey, Eng/Epng and n are the half energy of an isolated
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H, molecule, total energy of pristine/hydrogenated ZnSe NRs, and the number of H
atoms, respectively. On the basis of this definition, systems with stronger binding

strengths have larger (positive) Ej.

3. RESULTS AND DISSCUSSION
3.1. The pristine two-dimensional ZnSe nanosheets.

We first studied the 2D ZnSe monolayers in hexagonal and tetragonal phases
(Figure 1). The hexagonal structure (h-ZnSe) possesses Pmn21 symmetry (space
group number 31), and the optimized lattice parameters are a = 3.97 A and b = 5.85 A.
The orthogonal unit cell contains two Zn and two Se atoms, each Se (Zn) atom is
surrounded by three Zn (Se) atoms. The nearest Se-Se and Zn—Se distances are 3.97
A and 2.39 A, respectively, which are close to the experimentally measured values
(4.01 A and 2.46 A, respectively).40 The hexagonal structure has four-atomic layers,
each Zn atom is tricoordinated with three Se atoms, forming a buckled hexagonal
networks with a thickness (d) of 2.38 A (Figure 1a). The tetragonal phase (t-ZnSe) of
ZnSe monolayer possesses P4/nmm symmetry (space group number 129), and the
optimized lattice parameters are @ = b = 4.10 A. The tetragonal unit cell contains two
Zn atoms and two Se atoms, each Zn (Se) atom is tetracoordinated with four Se (Zn)
atoms. The t-ZnSe monolayer has three atomic layers, forming a buckled tetragonal
networks with a thickness (d) of 2.99 A (Figure 1b). Note that both the h-ZnSe and
t-ZnSe monolayers are buckled instead of planar structure, since the buckled surface
can decrease the surface energy and then endow them enhanced stability.**>

To compare their relative stabilities, we computed the cohesive energies of
monolayer h-ZnSe and t-ZnSe, respectively. The cohesive energy of t-ZnSe (2.26 V)

is slightly larger than that of h-ZnSe (2.25 eV), which is in line with previous report
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231 The quite close cohesive energy of

that the tetragonal structure is more stable.
these two configurations of ZnSe monolayers simulates us to estimate the relative
proportions. Based on Boltzmann’s distribution, as demonstrated by the Boltzmann’s
factor (Figure S1), the t-ZnSe dominates monolayer structure at very low temperature,

while as the temperature is higher than 50 K, both structures are in very similar

probabilities.

Figure 1. Top and side views of (a) the hexagonal ZnSe (h-ZnSe) and (b) the tetragonal ZnSe
(t-ZnSe) monolayers. The green and gray spheres represent Se and Zn atoms, respectively. The
unit cell of h-ZnSe and t-ZnSe monolayers are highlighted by the dashed rectangle and square,
respectively. a, b and d represent the lattice parameters of unit cell in the axial direction and the

thickness of monolayer ZnSe, respectively.

Then, we studied the electronic properties of these two ZnSe monolayers. Since
the PBE functional tends to underestimate the band gaps, we also used the HSE06
functional for band structure calculations. If not specified, the results in the following
are from PBE computations.

As shown in Figure 2(a), the h-ZnSe monolayer is a direct bandgap

semiconductor. The PBE band gap is 2.34 eV, whereas the HSE06 value is about 3.40
7
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eV, which is in good agreement with the experimental value (~ 3.50 eV).>' The partial
charge density distribution corresponding to the valence-band maximum (VBM) and
conduction-band minimum (CBM) (Figure 2) indicates that both VBM and CBM are
contributed by Se atoms, and mainly from Se p orbital. Because of the heteropolarity
of the Zn-Se bonds, the electron-rich region is mainly near Se atoms. Similarly, the
t-ZnSe monolayer also exhibits the semiconducting feature with a direct bandgap
(2.11 and 3.30 eV, respectively, at PBE and HSEO06 level of theory). The VBM state is
localized at the Se atoms and mainly composed of the Se p orbital. For CBM, the
state is localized at the Zn atoms and mainly composed of the Zn s orbital. To
quantitatively estimate charge transfer between Zn atoms and Se atoms, Bader charge

analysis’*>’

was performed. Our calculation results revealed that each Zn atom
donates 0.69 and 0.70 e respectively to the neighboring Se atoms for the h-ZnSe and

t-ZnSe monolayers, the computed electrons transfer is in line with the larger

electronegativity of Se (2.55) than Zn (1.65).
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Figure 2. HSE06 (left panel) and PBE (middle panel) band structures of the monolayer (a) h-ZnSe
and (b) t-ZnSe. The Fermi level is set to zero as indicated by the horizontal dashed lines. The right
panels in Figure(a) and (b) show the partial charge density distributions of the valence band
maximum (VBM) and the conduction band minimum (CBM), respectively. The isosurface value is

0.002¢/Bohr’. The green and gray spheres represent Se and Zn atoms, respectively.

3.2. The pristine one-dimensional ZnSe nanoribbons.

On the basis of the above work, we continued to investigate the derived
nanoribbons. It is expected that the ZnSe nanoribbons can display even more
interesting electronic properties. In the present work, two types of ZnSe nanoribbons,
namely armchair (a-hNRs) and zigzag (z-hNRs), can be obtained by cutting the

hexagonal ZnSe monolayer along y-axis and x-axis directions, respectively; however,
9
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only one type of ZnSe nanoribbons of the ZnSe tetragonal monolayer can be obtained
(tNRs). Here we considered N =4 —17 (7.91 A ~35.60 A), 4 16 (11.69 A ~ 46.77 A)
and 4 —16 (8.21 A ~ 32.82 A) for a-hNRs, z-hNRs, and tNRs, respectively (N is the
ribbon width). Figure 3a, b and ¢ show the structures of a-13-hNR, z-10-hNR and

10-tNR with the ribbon width of 13, 10 and 10, respectively.

Figure 3. Structures of ZnSe nanoribbons with unpassivated edges (top and side views): (a) an
armchair hexagonal ZnSe nanoribbon (a-hNRs), (b) a zigzag hexagonal ZnSe nanoribbon (z-hNRs)
and (c) a tetragonal ZnSe nanoribbon (tNRs). A is the ribbon width. The green and gray spheres

represent Se and Zn atoms, respectively.

Firstly, to examine the relative stabilities of these pristine ZnSe nanoribbons, we
computed the cohesive energies for the a-hNRs, z-hNRs and tNRs versus the ribbon
width N (see Figure 4c). Systems with greater E. values are energetically more
favorable according to the definition in computational method section. As discussed in

section 3.1, the E. of the t-ZnSe monolayer is slightly larger than that of the 2D

10
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h-ZnSe. Expectantly, the cohesive energy of tNRs (£, =2.14~2.22 eV for N=4-15) is
larger than those of z-hNRs (E, = 1.95~2.16 eV for N = 4-16) and a-hNRg (E. =
2.06~2.19 eV for N = 4-17) with the same ribbon width &, indicating that the tNRs
are thermodynamically more favorable. For the hNRs, armchair nanoribbons are
energetically preferred since their £, values are larger the zigzag ones of the same
width N. The cohesive energy of the ZnSe nanoribbons increases gradually with
increasing the ribbon width and gets close to the £, of the 2D counterparts (Figure 4c).
Experimentally, the 2D h-ZnSe has been synthesized,'” and theoretically the 2D
t-ZnSe was predicted to be more stable than h-ZnSe,” thus it is very promising to
achieve the 1D h-ZnSe and t-ZnSe nanoribbons.

Next, we studied the electronic structure and width-dependent characteristics of
the ZnSe nanoribbons. The electronic band structures and the partial charge density
corresponding to the VBM and CBM of a-7-hNR and 7-tNR are shown in Figure 4a
and 4b, which are representatives for the a-hNRs and tNRs, respectively. Our
calculations revealed that the a-hNRs have an indirect bandgap character while the
tNRs have a direct bandgap feature. Interestingly, with the increase of the ribbon
width A, the electronic feature of z-hNRs can transfer from semiconductors with
direct band gaps to metals when the ribbon width N reaches 7 (see Figure S2). For the
a-hNRs, the VBM state is localized at the edges and mainly composes of the Se p
orbital; the CBM state distributes inside the ribbon and is also mainly composing of
the Se p orbital, together with some contribution from the Zn. However, for the tNRs,
the VBM is contributed by p orbital of the non-marginal Se atoms, while the CBM is

mainly contributed by the Zn atoms.

11
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Figure 4. The computed band structures of the pristine a-7-hNR (a) and 7-tNR (b). The Fermi
level is set to zero as indicated by the horizontal dashed lines. The right panels in (a) and (b)
display partial charge density distribution corresponding to VBM and CBM. The isosurface value
is 0.002e/Bohr’. The green and gray spheres represent Se and Zn atoms, respectively. (c) The
computed cohesive energies per atom of both the pristine ZnSe nanoribbons and the
edge-hydrogenated ZnSe nanoribbons at both Zn and Se sites versus the ribbon width N. (d) The
computed bandgaps of the pristine ZnSe nanoribbons and edge-hydrogenated ZnSe nanoribbons at
both Zn and Se sites versus ribbon width N (4 < N < 16). The black and red dash lines in (c) and (d)

represent the bandgap of monolayer ZnSe in tetragonal and hexagonal phase, respectively.

Furthermore, we investigated the variation of band gap of a-hNRs, z-hNRs and
tNRs as a function of nanoribbons width N (Figure 4d). The band gap of the a-hNRs
is larger than that of the tNRs at the same N (Figure 4d), which resembles the wider

band gap of h-ZnSe monolayer compared with the t-ZnSe monolayer. For the a-hNRs

12
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and tNRs, the band gap values generally decrease with local oscillations as the ribbon
width N increases, and eventually when N approaches to infinity, the bandgap of the
edge-unpassivated ZnSe NRs approaches to that of monolayer ZnSe (2.34 ¢V and
2.11 eV for hexagonal and tetragonal phases, respectively, at PBE level of theory).
However, this expected convergence does not occur for the z-hNRs: when the ribbon
width N reaches 7, z-hNRs become metallic. In order to explore the origin of the
semiconductor-metal transition, we compared the structural characteristics and plotted
the total density of states (TDOS) and local density of states (LDOS) of z-hNRs (see
Figure S2, S3). Our computed results revealed that the initial z-hNRs structures with
smaller ribbon width N, such as N=4, 5, 6, are unstable and transform into analogous
tNRs after structure optimizations and they have a direct bandgap characters, the
VBM states mainly originate from the p orbitals of the non-margin Se atoms and the
CBM states are mainly contributed by Zn s orbital; For the relatively larger ribbon

width z-hNRs with N = 7, the structures retain the hexagonal feature, and the

z-hNRs have metallic behaviors, we check that the metallic states across the Fermi

level is mainly originate from the Se p orbital and Zn s orbital of inner atoms.

3.3. The edge-hydrogenated 1D ZnSe nanoribbons.

The edge atoms with dangling bonds significantly influence the electronic
properties of pristine nanoribbons, the passivation of edge atoms such as hydrogen
may bring significant changes to the properties of the nanoribbons.’®’ Thus, besides
the pristine ZnSe nanoribbons, i.e., the edge-unpassivated NRs, we also investigated
the structural and electronic properties of the edge-hydrogenated ZnSe nanoribbons
(NRs-H). From our test calculations, we found that the average binding energy of a

hydrogen atom for a-7-hNR saturated at the edge Zn site is 1.99 eV, which is ~0.43

13
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eV lower than that of the a-7-hNR saturated at the edge Se site (2.42 eV), indicating
that the formation of Se—H bonds is more feasible than Zn—H bond formation.
Previously, Tang et al. investigated the hydrogenation of Zn sites and O sites of ZnO
nanosheets, respectively, and for a certain thickness of ZnO sheet, Zn is more liable to
form bonds with H.*® Providing that the hydrogen is excessive for hydrogenating Se
edge atoms, the formation of Zn—H bonds is highly possible. Thus, two situations of
edge hydrogenation were considered: the hydrogen saturation only at the Se edge sites
(NR-1H), and the edge hydrogenation with both edge Se and Zn atoms (NR-2H).
Nanoribbons with the width N = 4 — 16, 4 — 15, and 4 — 15 were chosen for
a-N-hNRs-nH, z-N-hNRs-nH and N-tNRs-nH as representatives to investigate the
different configuration edge hydrogenation effect, respectively, n represent the
number of edge-hydrogenated sites (rn = 1, 2 denotes the hydrogenation only at the
edge Se site, and both edge Se and Zn atoms, respectively). Figure 5(a-f) represents
the structures of a-15-hNR-z#H, z-12-hNR-nH and 12-tNR-nH with the ribbon width
of 15, 12 and 12, respectively. Clearly the edge atoms almost maintain the same

configurations as in the 2D states.

14
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Figure 5. Top and side views (a) the armchair hexagonal ZnSe nanoribbon (a-15-hNR-1H), (b) the
zigzag hexagonal ZnSe nanoribbon (z-12-hNR-1H), (c) the tetragonal ZnSe nanoribbon with edge
hydrogenated (12-tNR-1H), (d) the armchair hexagonal ZnSe nanoribbon (a-15-hNR-2H), (e) the
zigzag hexagonal ZnSe nanoribbon (z-12-hNR-2H) and (f) the tetragonal ZnSe nanoribbon with
edge hydrogenated (12-tNR-2H), N is the ribbon width. The green, gray and white spheres

represent Se, Zn and H atoms, respectively.

In terms of the structural stability, the binding energies per hydrogen atom of the
edge-hydrogenated hNRs at both the edge Zn and Se sites are 2.10, 2.11, 0.76 and
0.76 eV, respectively, for a-8-hNR-2H, a-10-hNR-2H, z-8-hNR-2H and z-10-hNR-2H;
the corresponding values are both 1.85 eV for 8-tNR-2H and 10-tNR-2H (see Figure
S4). Thus, edge-hydrogenated a-hNRs-2H are energetically more preferable than
a-hNRs-2H and tNRs-2H.

In order to further evaluate the relative stability, we calculated the cohesive

energy per atom (E.) using the following definition: E. = (nEy + mEz, + zEs, —

15
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Eyzuse )/(ntm+z), where Ey, Ez and Eg, are the half energy of an isolated H,
molecule, the total energy of a Zn atom in bulk Zn and a Se atom in bulk Se,
respectively; Ep zns. s the total energy of hydrogenated ZnSe NRs, and n, m and z are
the number of H, Zn and Se atoms in the ZnSe NRs supercell, respectively. According
to this definition, systems with greater cohesive energy per atom are energetically
more stable. For the edge-hydrogenated hNRs at only the edge Se sites, the cohesive
energy of z-hNRs-1H (£, = 1.96~2.17 eV for N = 4-15) is larger than those of
a-hNRs-1H (£, = 1.90~2.14 eV for N = 4-15) and tNRs-1H (£, = 1.84~2.13 eV for N
= 4-15) with the same ribbon width N (see Figure S5), indicating that the z-hNRs-1H
are thermodynamically more favorable. For the ZnSe NRs with hydrogenation at both
edge Se and Zn sites, the cohesive energy of a-hNRs-2H (£, = 1.89~2.13 eV for N =
4-15) is larger than those of tNRs-2H (£, = 1.83~2.12 eV for N = 4-15) and
z-hNRs-2H (E. = 1.65~2.06 eV for N = 4-15) with the same ribbon width N, that is,
the a-hNRs-2H are also thermodynamically more favorable (see Figure 4c). These
computed results are in line with the conclusion of previous binding energies
compute.

The passivation of Zn and Se atoms at the edges by hydrogen atoms significantly
affects the electronic properties. For the hydrogen passivated ZnSe nanoribbons only
at the egde Se sites, we took the a-hNRs-1H, z-hNRs-1H and tNRs-1H with N =7 as
the prototype to explore the electronic properties. The three ribbons all exhibit
metallic character (see Figure 6). We further investigated the variation of electronic
properties of a-hNRs-1H, z-hNRs-1H and tNRs-1H as a nanoribbons width N (see
Figure S6-S8), the Se-edge hydrogenated NRs are all metals independent with the

ribbon width.

16
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Figure 6. The computed band structures (PBE) of (a) the a-7-hNR-1H, (b) z-7-hNR-1H and (c)

7-tNR-1H. The Fermi level is set to zero as indicated by the horizontal dashed line.

Figure 4d summarizes the variation of the band gap for the hydrogen saturated
ZnSe nanoribbons at both the edge Zn and Se sites as a function of ribbon width N.
For the z-hNRs-2H, their band structures follow the same trend as those of pristine
nanoribbons: the direct bandgap of z-hNRs-2H decreases as the ribbon width
increases, and the bandgap almost becomes zero (a metal) at N = 8 (Figure 7a, b), the
VBM and CBM are largely composed of the edge sides atoms. For the a-hNRs-2H,
the indirect band-gap semiconductors are converted into direct band-gap
semiconductors when the edge is passivated by hydrogen (Figure 7c), the VBM is
mainly composed of Se p orbits while the CBM is distributed on the inner Se atoms.
For the tNRs-2H, the edge passivation by hydrogen preserves the direct-bandgap
semiconducting property of the pristine ribbons, the VBM and CBM in tNRs are
mainly contributed by the Se p orbitals and Zn s orbitals of the inner atoms,
respectively (Figure 6d), however, the bandgap values are markedly enlarged due to
edge states (2.30 eV vs 2.93 eV). For both a-hNRs-2H and tNRs-2H, the band gaps

are large at small N, but approach to those of 2D counterparts as the width N

17
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increases, which can be easily understood by the quantum-size effect. At the same
width, the band gap of a-hNR-2H is smaller than that of tNR-2H, which shows the
opposite trend for the edge-unsaturated nanoribbons (see Figure 4d). By comparing
Figure 7c,d and Figure 4a,b, we could figure out that the edge-hydrogenation alter the
distributions of VBM and CBM, and further alter the band gaps of the

edge-hydrogenated NRs.
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Figure 7. The computed band structures (PBE) of (a) the z-5-hNR-2H, (b) z-8-hNR-2H, (c)
a-7-hNR-2H and (d) 7-tNR-2H. The corresponding partial charge density distributions of VBM
and CBM are displayed in the right panels. The isosurface value is 0.003 e/Bohr’. The Fermi level
is set to zero as indicated by the horizontal dashed lines. The green and gray spheres represent Se
and Zn atoms, respectively.

3.4. The one-dimensional single-walled ZnSe nanotubes.

A single-walled ZnSe nanotube can be viewed as rolling up a ZnSe nanosheet.

Here three types of single-walled ZnSe nanotubes, namely, the armchair hexagonal
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ZnSe nanotubes (a-hNTs), the zigzag hexagonal ZnSe nanotubes (z-hNTs) and the
tetragonal ZnSe nanotubes (tNTs), can be obtained by rolling up ZnSe monolayers.
The configuration of any specific single-walled ZnSe-NTs can be described with a
pair of integer indexes (n;, ny).””®" Thus, there are three types of ZnSe nanotubes,
namely z-hNTs, a-hNTs and tNTs, which are denoted as (n;, 0), (n;, ny), and (0, np),
respectively. In this work, we investigated the structural and electronic properties of
single-walled ZnSe-NTs with small diameters in the range of 10 ~19 A, for which (6,
6), (10, 0) and (0, 10) nanotubes were chosen to represent armchair nanotubes, zigzag
nanotubes in hexagonal phase and nanotubes in tetragonal phase, respectively (Figure

8).

e

Figure 8. Top and side views of the optimized (a) a-hNT (6, 6), (b) z-hNT (10, 0) and (c) tNT (0,
10). D is the diameter of the ZnSe nanotubes. The green and gray spheres represent Se and Zn

atoms, respectively.

After structure optimization, we found there is no obvious structural parameter
change for the a-hNTs, including the diameter (D) of the nanotube and the length of
the unit cell (L.) in the axial direction (Table 1). The optimized L. of the a-hNTs
decreases slightly as the diameter increases (L, = 3.97 AforD=11.17 A, and L, =
3.96 A for D = 18.61 A). However, we found the z-hNTs surface configuration occur

reconstructions after geometry optimizations (see Figure S9), obviously, the tube wall
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thicknesses of z-hNTs are thinner than that of pristine nanotubes, the atoms on the
surface of the zigzag nanotube are arranged neatly to form a uniform plane and the L.
gradually increases with increasing D, from L.= 6.88 A for (8, 0) to L. = 6.96 A for
(12, 0). Interestingly, for the tNTs with smaller diameters, such as (0, 8), (0, 9) and (0,
10), the initial tNTs structures transform into a-hNTs after structure optimizations, the
length of the unit cell (L.) in the axial direction is also 3.97 A, independent with the
increases of tube diameter; however, for tNTs with relatively larger diameter, such as
(0, 11) and (0, 12), no obvious change in morphology was observed, and the
tetragonal folded surface structure was maintained after structural relaxation, the
length of the unit cell in the axial direction is almost independent with the diameters,

showing the same trend as that of a-hNTs.

Table 1. The calculated diameters (D), length of the unit cell (L.) in the axial direction,
cohesive energy per atom (£.), strain energy per atom (Ey,), and bandgap (E,) of ZnSe
nanotubes (at PBE level of theory).

Models D@ LA Ec@V)  Eq@V)  E(eV)
(6, 6) 11.17 3.97 2.78 0.02 2.29
7,7 13.03 3.97 2.79 0.01 2.30
(8, 8) 14.89 3.97 2.79 0.01 2.30
9,9 16.76 3.97 2.80 0.00 2.31

(10, 10) 18.61 3.96 2.80 0.00 2.31
(8,0) 10.10 6.88 2.78 0.03 2.16
9,0) 11.13 6.90 2.77 0.03 2.12
(10, 0) 12.63 6.92 2.77 0.03 2.11
(11, 0) 13.87 6.94 2.77 0.03 2.08
(12,0) 15.15 6.96 2.77 0.03 2.06
(0, 8) 1045 3.97 2.79 0.02 2.31
0,9) 13.06 3.97 2.79 0.02 2.31
(0, 10) 14.37 3.97 2.79 0.02 2.32
(0, 11) 15.68 4.13 2.70 0.11 1.12
0, 12) 16.98 4.13 2.72 0.09 1.20

In order to evaluate relative stabilities of ZnSe nanotubes, we calculated the

cohesive energy per atom and strain energy per atom (E,), respectively. The strain
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energy per atom was defined as the difference of the cohesive energy per atom
between a perfect ZnSe monolayer and the ZnSe nanotube. The Ej, values of a-hNTs,
z-hNTs and tNTs with different tube diameters are presented in Table 1. Note that
nanotubes with smaller strain energies per atom are energetically more favorable. As
expected, the strain energy decreases with the increasing D. We found that a-hNTs
have lower Ej, than that of z-hNTs and tNTs with similar diameters, implying the
a-hNTs are more stable than z-hNTs and tNTs. For comparison, we also calculated the
strain energies of the armchair (a-MoS,-NTs) and zigzag (z-MoS,-NTs) MoS,
nanotubes (see Table S1) with the similar diameters. The strain energies of ZnSe NTs
are much smaller than those of the MoS; NTs. The in-plane stiffness of a 2D sheet is a
key factor to the magnitude of strain energy of the nanotubar derivates.’ We
computed the in-plane stiffness of h-ZnSe and t-ZnSe, as well as the MoS; monolayer.
The computed in-plane stiffness of the monolayer h-ZnSe (40.99 N/m) and t-ZnSe
(40.81 N/m) are much smaller than that of the MoS, monolayer (129.55 N/m),
suggesting the ZnSe monolayer are much less rigid than the MoS, monolayer, and as
a results, the ZnSe nanotubes have low strain energies than MoS; nanotubes.

We further explored the electronic properties of the ZnSe nanotubes, for which
the band structures of (10, 0), (6, 6), (0, 10) and (0, 11) nanotubes were chosen as
representatives for the z-hNTs, a-hNTs and tNTs, respectively (Figure 9). All these
types of nanotubes are direct-bandgap semiconductors, both VBM and CBM are
located at the I" point, and are mainly contributed by Se atoms (Figure 9). The band
gap values of these nanotubes are all smaller than their 2D counterparts (2.34 eV and
2.11 eV for hexagonal and tetragonal phase, respectively). Rolling the hexagonal
monolayer into armchair or zigzag nanotubes results in slight decrease of band gaps,

in contrast, a dramatic reduction of the band gap values occurs for the larger diameter
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tetragonal phase (tNTs). For the armchair hNTs, the bandgap is almost independent
with the diameter, the bandgap increases from 2.29 eV for D = 11.17 A to 2.31 eV for
D = 18.61 A; for the zigzag hNTs, the bandgap decreases gradually from 2.16 eV for
D=10.10 A to 2.06 eV for D = 15.15 A. However, for the relative smaller (0, 8), (0, 9)
and (0, 10) tNTs, because of the structural transition, the electronic structures are the
same with a-hNTs, which keeps direct band-gap semiconducting feature, and the
bandgaps are also independent with the diameter; while for the relatively larger
diameter tNTs, the bandgaps are smaller than a-hNTs and z-hNTs, but the bandgap
increases markedly with increasing the tube diameters (from E, = 1.12 eV for D =

15.68 A to E, = 1.20 eV for D=16.98 A).
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Figure 9. Band structure (PBE) and the corresponding partial charge density distributions of VBM
(bottom panel) and CBM (up panel) of (a) armchair (6, 6), (b) zigzag (10, 0) hNTs and (c) (0, 10),
(d) (0, 11) tNTs. The Fermi level is set to zero as indicated by the horizontal dashed lines. The
isosurface value is 0.003e/Bohr’, The green and gray spheres represent Se and Zn atoms,

respectively.
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4. CONCLUSION

In this work, we presented a detailed DFT study on the structural and electronic
properties of 2D ZnSe nanosheets, and the derived 1D nanoribbons and nanotubes in
both A-phase and #-phase. Our computations show that the tetragonal monolayer is
slightly more stable than the hexagonal counterpart, and both monolayers are
direct-bandgap semiconductors. Cutting the 2D nanosheets into 1D nanoribbons, the
resulting NRs in tetragonal phase (tNRs) also have higher stability compared to those
in hexagonal phase (hNRs). The tNRs are found to be direct band gap semiconductors
and the relatively more stable a-hNRs exhibit the indirect-bandgap semiconductor
feature, while the less stable z-hNRs can be direct-bandgap semiconductors or metals
depending on the ribbon width. When the edge is saturated by hydrogen atoms at the
Zn and Se edge sites, the a-hNRs-2H become more stable than the tNRs-2H. The
tNRs-2H are still direct-bandgap semiconductors; the a-hNRs-2H restore the original
direct-bandgap semiconductor character as the 2D counterpart is. However, when
only the edge Se sites is saturated by hydrogen atoms, the z-hNRs-1H become more
stable than the tNRs-1H, the a-hNRs-1H, z-hNRs-1H and tNRs-1H are all exhibit
metallic character. When folding the 1D nanoribbons into 1D single-walled nanotubes,
the a-hNTs are also more stable than z-hNTs and even more stable than the tNTs, all
these NTs are direct-bandgap semiconductors with smaller gap values than their 2D

counterparts. For clarity, all these above finding are summarized in Figure 10.
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Monolayer  Pristine-NRs NRs-H NTs

Figure 10. The relative stabilities and electronic properties of the ZnSe monolayer,
pristine nanoribbons, edge-hydrogenated nanoribbons (NRs-H), and nanotubes (NTs)
in h-phase and #-phase. DS, IS and M denote the direct-bandgap semiconductors,
indirect-bandgap semiconductors and metals, respectively. For the 1D derivatives, the

larger Z/A, means higher stabilities for zigzag/armchair nanoribbons/nanotubes.

The ZnSe monolayers in tetragonal and hexagonal phases are both kinetically
stable as demonstrated by all positive frequencies in the calculated phonon spectra.g’29
Moreover, Li et al. Born-Oppenheimer molecular dynamic simulations revealed that
at the fixed pressure of 700 MPa, the hexagonal ZnSe monolayer can be easily
transformed to the tetragonal structure.” We further investigated the thermodynamic
stabilities of h-ZnSe and t-ZnSe via first-principles molecular dynamic (FPMD)
simulations at 300 K. Both ph-ZnSe and t-ZnSe can well keep their original structures
through a 8 ps of FPMD simulation at 300 K, indicating the high stabilities of
monolayer ZnSe, and after full atomic relaxation, the final h-ZnSe and t-ZnSe
structures of FPMD simulations can easily recover their initial configurations (Figure
S10). These results suggest that both h-ZnSe and t-ZnSe have good thermodynamic
stabilities. Since the hexagonal ZnSe monolayer was successfully obtained in Xie’s

group [Nat. Commun., 2012, 3, 1], the tetragonal ZnSe monolayer is highly possible
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to be fabricated. By cutting and rolling the 2D monolayer, the 1D nanoribbons and
single-walled nanotubes could be realized, respectively.

Our study provides deep understanding into the electronic properties of the
ZnSe-based nanomaterials, and offers a simple and effective route to tune the
electronic behavior of ZnSe nanostructures. Moreover, the recently synthesized 47
TMC compounds and heterostructures,” makes us very optimistic to experimentally

achieve those ZnSe-based nanomaterials.
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