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As a new two-dimensional (2D) material, GeSe, has attracted significant attention recently due to its

distinctive in-plane anisotropic properties originated from the in-plane anisotropic crystal structure, high

air stability and excellent performance in polarization-sensitive photodetection. However, no systematic

study of the strain effect on the electronic properties and anisotropy of GeSe, has been reported,

restricting the relevant applications such as mechanical-electronic devices. Here we investigate the

change of the electronic properties and anisotropy of GeSe, monolayer under strains along x and y
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directions through first-principle calculations. The electronic band structure and effective mass of

charge carriers are highly sensitive to the strain. Notably, through appropriate x or y directional strain, the
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1. Introduction

Strain has served as an effective and convenient tool for
modulating electronic, transport, and optical properties of
semiconductors.'™ Such strain effects can be interpreted as an
elastic field applied to materials, which modifies the geomet-
rical structure of the crystal due to the interaction between the
elastic field and crystalline field, then influences the electronic
band structure,® and finally tunes the physical™® (such as the
optical absorption anisotropy) and chemical properties® (cata-
lytic properties) of materials. This tool is particularly suitable
for the engineering of two-dimensional (2D) crystals because
this low-dimensional structure can sustain much larger strain
compared with bulk crystals.’** For example, monolayer black
phosphorus (BP), the most recently studied 2D material, has
been reported to be strained up to a remarkable strain of 30%
without any dislocation or plastic deformation in its crystal
structure," providing a wide range for tuning its mechanical
and electronic properties.">*® Furthermore, as the prototypical
2D material with in-plane anisotropy, the anisotropic electrical
and thermal properties of ultrathin BP can also be modified by
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anisotropy of the hole effective mass can even be rotated by 90°. These plentiful strain-engineering
properties of GeSe, give it many opportunities in novel mechanical-electronic applications.

strain."” It is predicted that the preferred conducting direction
of BP can be rotated by 90° in plane through the appropriate
biaxial or uniaxial strain (4-6%), providing great opportunities
for novel mechanical-electronic device applications.***'®*®
Those studies forcefully demonstrated the important function
of strain as a powerful tool to modulate the physical properties
of materials.*

Germanium diselenide (GeSe,), another new important
member of in-plane anisotropic 2D materials, has attracted
significant attention recently due to its high performance in
polarization-sensitive photodetection as well as its great stability
in ambient environment.”*?” It adopts a monoclinic crystal
structure with the P2,/c space group.”® As shown in Fig. 1a and b,
the basic building blocks of GeSe, tetrahedra are mutually con-
nected via corner-sharing forming (GeSe,), chains along x-axis
and via edge-sharing Ge,Seg double tetrahedral along y-axis.
Therefore, the different connection modes lead to in-plane
structural anisotropy, which induces strong in-plane aniso-
tropic behaviors of electronic and optical properties. In partic-
ular, as a powerful complement to the conventional members of
this family with narrow bandgaps such as BP (0.3 eV (ref. 14)),
ReS, (1.5 eV (ref. 28)) and GeSe (1.14 eV (ref. 29 and 30)), GeSe,
has a wide direct bandgap of 2.74 eV,>* making it ideal for the
short-wavelength polarized photodetection. In this regard, it will
be exciting if we can further modulate the physical properties and
anisotropy of GeSe,, thus enabling versatile functionality in this
material. Until now, however, there has been no report engi-
neering the physical and corresponding anisotropic properties of
GeSe,, and the most recent work only focused on the investiga-
tion of the basic in-plane anisotropic properties such as struc-
tural, electrical, optical and vibrational anisotropies.
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In this study, through first-principles calculations, we
investigate the change of the electronic properties and anisot-
ropy of GeSe, monolayer under strains along x and y directions.
The mechanism for the gap transition is discussed in detail.
Furthermore, the strain effects on the effective masses of elec-
trons and holes are systematically investigated. The results of
this study indicate that GeSe,, as a new member of anisotropic
2D materials, has promising practical applications in novel
mechanical-electronic devices.

2. Computational methods

Based on density functional theory, the geometric and elec-
tronic structures of GeSe, are performed using the Vienna ab
initio simulation package (VASP).*'**> Generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
simulates the exchange-correlation energy.**** The interactions
between valence electrons and ions are described by projector-
augmented wave (PAW) potentials.*® Reciprocal space of 6 x 6
x 1 grid is adopted for geometry relaxations and the plane wave
basis cutoff energy is set as 600 eV. A sufficiently large vacuum
region of 20 A is applied to avoid the interaction between layers.
The convergence criterion is set to be 10~ eV and the residual
force acting on each atom is 10" eV A, Since the DFT method
is known to underestimate the band gap of semiconductors, it is
important to test the robustness of strain effects on the prop-
erties of GeSe,. For comparison, we have calculated the band
structures of GeSe, monolayer by DFT and advanced hybrid
functional HSE06 methods under different values of axial
strains.*® Therefore, the DFT method is employed in this paper
to predict the general trends of strain engineering on the band
structure of GeSe, monolayer.

For the relaxed GeSe, monolayer, the applied strain is
a; — GQio

Qio
constants along i (=x and y) direction. The positive values refer

defined as ¢ = , where a@; and q;, are the lattice

to tension while negative values refer to compression. With
each applied axial strain, the lattice constant in the transverse
direction is fully relaxed for the minimum force. Meanwhile,
effective masses of charge carriers are calculated according to
d*E
dk*
structures, where # is the reduced Planck’'s constant, E is the
energy, and k is the momentum.

-1
the formula m* =h2( ) through the calculated band

3. Results and discussions

We start from the calculation of electronic band structure of
GeSe, monolayer as presented in Fig. 1a. As shown in Fig. 1c,
a direct band gap appears at I point. It is noteworthy to
mention that GeSe, has highly anisotropic band dispersion
along I'-X and I'-Y directions of conduct band minimum
(CBM) and valence band maximum (VBM), resulting in signifi-
cantly anisotropic electronic properties. As shown in Fig. 1d and
S1,t we further calculate the partial densities of state (PDOS) of
unequal Ge atoms and their near-neighbor Se atoms. The
results reveal that shallow valence band (SVB, ranging from

33446 | RSC Aadv., 2018, 8, 33445-33450

View Article Online

Paper

r-t’\ﬁ
7
- {::3_,

Bt
e

i

‘e
b
¢

°
=

\

——Gel-4s
——Ge2-4s

@

)

|

ooha At
——Gel-4p
——Ge2-4p

PDOS (a.u.)

2 3

-2 1
X M L § M Energy (¢V)

Fig. 1 Snapshots of 2D GeSe, monolayer (a) and the building blocks
(b). (c) DFT-calculated band structure of GeSe, monolayer. The Fermi
level is set to zero on the energy axis. (d) Calculated PDOSs of Gel and
Ge2 atoms labeled in (b).

—1.5 to 0 eV) mainly originate from 4p states of Ge atoms, while
Gel-4p state provides larger contribution than Ge2-4p state. Yet,
for the conduction band, Ge-4s states provide larger contribu-
tion than Ge-4p states. As shown in Fig. S1a and b, T the VBM is
formed mainly by the 4p states of Se atoms in GeSe, tetrahedra
(from Sel to Se4), while Se5-4p state contributes to SVB.
Combining with the large overlap of Ge1-4p and Se-4s states (see
in Fig. Sic and df), the higher contributions to SVB indicates
the stronger covalent bond energies of Ge1-Se compared to that
of Ge2-Se, resulting in the in-plane anisotropic natural struc-
ture of GeSe, monolayer as shown in Fig. 1a. Therefore,
different Ge-Se bonds along x and y directions lead to low in-
plane lattice symmetry of GeSe,.

We now focus on the band gap modulating of GeSe, mono-
layer at different values of axial strains. The components of
strain along x and y directions are labeled as &, and ¢, respec-
tively. As shown in Fig. 2, it is clear that the HSE06 has a better
prediction on the band value of 2.62 eV for GeSe, monolayer,
which is good agreement with our former experimental value of
2.74 eV,” and has a 0.828 eV energy difference to DFT value.
Meanwhile, comparing the calculated band gap values based on
HSE06 and DFT methods, one can conclude that the band
structures strongly depend on the strains while the both
methods give the same band gap variation results as a function
of strain. Therefore, the DFT can be employed to predict the
general trends of strain engineering on the band structure of
GeSe, monolayer. For the strain ¢, in Fig. 2a, the maximal band
gap of 2.83 eV for HSE06 is obtained at strain ¢, = —4% and
then dropped linearly to 2.01 eV at strain &, = —12%. On the
side of tensile strain, the gap shows linear reduction with strain
increasing and reaches to 1.51 eV of ¢, = 12%. To see if the gap
could reduce to zero with further increased tensile strain, we
explore even larger strain up to +32%. The gap is not found to
close while it reaches a minimal value 0.98 eV at +28% strain
and then opens up again for larger strain value. Notably, the

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Band gap of GeSe, monolayer as a function of strain ¢, (a) and ¢ (b) based on the methods of HSEO6 and PBE, respectively. Direct/indirect

band zones are listed with green/blue color.

tensile strain e, presents a strategy for the direct band gap
modification with a wide range exceed 1.85 eV. With regard to
the strain ¢, shown in Fig. 2b, the band gap drops to 1.63 eV at
compressive strain &, = —12% without sudden change. For the
tensile cases, it initially increases from 2.62 eV for the relaxed
structure (RS) to a maximal value of 2.83 eV at ¢, = +8%, and
then drops rapidly with further increased expansion. Through
the above analysis of strains applied in the two directions, it is
obvious that three strain zones are identified for strain &, and
two for ¢, and the direct band gap is particularly maintained
under the in-plane tensile strain along two directions. Briefly, it
confirms that the strains can effectively tune the band gap of
GeSe, monolayer in a wide range.

To further investigate the specific effect of strain on the band
gap turning, the band structures of GeSe, monolayer under
strain in two directions are calculated based on the fully relaxed
in-plane anisotropic natural structures. For simplification, we
only plot the band structure along remarkable I'-X (0.5, 0, 0)
and I'-Y (0, 0.5, 0) directions as shown in Fig. 3 and 4, respec-
tively. The red and blue lines are used to highlight the change of
the near-gap states of GeSe, monolayer. As shown in Fig. 3, with
the increase of compressive strain e, the VBM along I'-Y
direction almost unchanged while a steep slope appears along
I'-X direction with the SVB state shifts to lower energy at X
point. For CBM, a parallel downward removal introduced with
a flat slope along I'-X(Y) direction accompanied by the

£y=-12% £y=-10% £y=-8% £,=4% £y=-2%

compressive strain increasing. On the other side of the
increasing tensile strain, the CBM at I" point has an obviously
downward and at Y point moves synchronously, while that at X
point almost immovable. Meanwhile, the VBM is always locates
at I" point in the Fermi level with almost invariable slopes along
I'-X and I'-Y directions. The changes predict that the effect of
compressive/tensile strain e, mainly results in a steep slope of
the VBM/CBM along I'-X direction while invariable change
along I'-Y direction. It thus directly reflects the enhanced
electrical/hole transport along I'-X direction under tensile/
compressive strain ¢, because of the larger CBM/VBM slope
value, further implies the enhanced anisotropic electrical/hole
conductance in-plane of GeSe, monolayer. And above all,
these results reveal that the larger tensile strain e, introduces
larger anisotropic electrical properties of GeSe, than compres-
sive strain &y,

Furthermore, it is well known that the direct or indirect
nature of the band structure is the result of energy competitions
of near-band-edge states under different strains. Fig. 3 exhibits
an indirect band in the strain range of —4% to —8%, and then
transitions back to direct with larger strain. For example, at &, =
—8%, it shows an indirect band gap with the CBM shifts from I"
point to Y with a small energy difference, while the VBM
remains at I" point. Furthermore, the calculated PDOSs for ¢, =
—12% (in Fig. S21) show that the VBM in the Fermi level mainly
originated from Se5/Sel-4p states, SVB is contributed mainly by

£,=10% £y=12%

=

= —_———
= B
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Y T XYy I X ¥ r XYy r Xy I Xy

Fig.3 Strain &, manipulated band gap transition in GeSe, monolayer. The Fermi level is set to 0 eV on the energy axis. The red and blue lines are
used to highlight the changing of the energy levels of the VBM and CBM.
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to vacuum level.

Table 1 The calculated lattice parameters, bond lengths and angels with major change in lattice of GeSe, monolayer under strains of ¢, = 12%
and ¢, = —12%. That of intrinsic GeSe, monolayer are also listed for comparison

Lattice

parameters (A) Bond length (A) Angle (°)
Strain ¢, a b Ge2-Se4 Ge2-Sel Gel-Se4 Gel-Sel Gel-Se2 01 02 03
12% 7.957 16.73 2.370 2.350 2.373 2.373 2.373 109.38 101.54 113.85
0 7.104 17.095 2.360 2.353 2.372 2.392 2.375 100.18 98.45 100.49
—12% 6.252 17.416 2.346 2.368 2.355 2.409 2.370 88.96 93.99 106.65

Se4/Se3-4p states, while Ge-4p states provide large contribution
to the VBM. Likewise, at &, = 12% (in Fig. S31), Se5-4p and Ge2-
4s/4p orbitals result mainly in the CBM.

Meanwhile, Fig. 4 shows the effect of strain ¢, on the band
structure of GeSe, monolayer. In contrast to the effect of strain
&y on tuning of CBM/VBM, the change of CBM/VBM on the
compressive/tensile strain ¢, exhibits a reverse tendency that
tensile strain affects the VBM while compressive strain CBM. In
summary, for the case of the two applied strains, the CBM
tuning along I'-X can be easier obtained by lattice expansion
along y direction and introduced anisotropic electrical proper-
ties, especially the anisotropy electrical/hole conductance.

To further investigate the changes of the electronic struc-
tures under different strains, the crystal parameters (denoted in
Fig. 1b) of GeSe, monolayer are listed in Table 1 for the major
strain of &, = 12% and —12%, while the crystal structures are
shown in Fig. S4.1 As shown in Table 1, the change of parameter
b (along y direction) is smaller than that of parameter a under
strains, which shows large crystal distort in-plane of GeSe,. For
example, with the change of parameter a as 12% (&, = 12%), the
change of b is ~—2.14%, respectively. Under strains, it reveals
that the bond lengths substantially retained while angels show
marked change. The in-plane unsynchronized lattice change
induces corrugated structure along x direction (see Fig. S47),
then enhance the structural anisotropy of GeSe, monolayer,
further introduce the anisotropy of electronic structure (see
Fig. 3 and 4). Form the decomposed charge density of the CBM
under different strains, it can be seen that the strain ¢, = —12%
introduces a significant enhanced charge distribution along x
direction in real space while almost average in two directions

33448 | RSC Adv., 2018, 8, 33445-33450

under strain &, = 12%, which coincides with the band structure
analysis in Fig. 4.

Because the electrical/hole transport behavior is usually
decided by the lowest/highest-energy edge, the obvious edges
variety indicate the effective mass change, then approximately
implied the alterable mobility along two directions. Fig. 5
demonstrates the evolution of the electron and hole effective
masses as a function of both strain ¢, and e,. It is obvious that
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Fig. 5 Effective masses of the electron (left) and hole (right) as
a function of strain ¢, (top) and e, (bottom). Three (two) strain zones for
&, (e,) are also labelled. m, depicts the free electron mass.
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a significant enhanced anisotropic electron (hole) appears for
the strain larger than e, = —4%. In the strain range from —8% to
—4% in Fig. 5a, a sudden jump of electronic effective mass
along I'-Y is due to the completion of CBM at Y and I" points for
the direct-indirect band gap transition. For the larger strain at
&, = 12%, the effective mass of electron along I'-Y direction is
an order of magnitude bigger than that along I'-X direction,
indicating that the electron prefers transport in-plane x direc-
tion of crystal structure. On the other hand, the small hole
effective mass shows the preferred transport direction along y of
the direct band structure (Fig. 5b). With the case of strain
applied in x direction, a noticeable anisotropy is introduced to
the hole effective mass (Fig. 5d), while the electron effective
mass shows a small anisotropic variation (Fig. 5c). As shown in
Fig. 5d, the opposite change presents the fact that the hole
prefers transport along x direction under strain. Therefore, the
above discussion reveals that the strain can dramatically
increase or decrease the effective masses of carriers in the GeSe,
monolayer with a noticeable anisotropy introduced, and even
reverse the anisotropy of hole effective mass.

4. Conclusions

In summary, we have studied the strain effect on the electronic
band structure and anisotropy of GeSe, monolayer through
first-principle calculations. The band gap of GeSe, monolayer
can be effectively tuned by strain in a wide range. The effective
mass of electrons and holes are also highly sensitive to the
strain. Particularly, the anisotropy of hole effective mass can
even be rotated by 90° through applying appropriate x or y
direction strain. These intriguing properties demonstrate the
great potential of GeSe, monolayer for novel mechanical-
electronic device applications.
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