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Nonlinear optical (NLO) materials have an ability to generate new coherent light. At the present stage, three
dimensional (3D) mid-infrared NLO materials suffer from various deficiencies such as low laser damage
thresholds (LDTs) for AgGaQ, (Q = S, Se); the band gaps of most intensively studied two-dimensional
(2D) NLO materials are not wide enough to avoid two-photon absorption (TPA); a steady NLO property
regardless of diameter and chirality is absent in one-dimensional (1D) single-walled nanotubes (SWNTs).
In this research, the electronic and second harmonic generation (SHG) properties of planar graphitic ZnS
(g-ZnS) monolayer, buckling reconstructed ZnS (R-ZnS) monolayer which is synthesized in a recent
experiment, and rolled-up SWNTs are investigated with first-principles simulations. Theoretical results
suggest the SHG coefficients of planar g-ZnS, buckling R-ZnS and rolled-up SWNTs are comparable with
that of AgGaS; crystals. The band gaps of planar g-ZnS and ZnS SWNTs are ~3.8 eV, and that of buckling
R-ZnS is as wide as ~4.0 eV, indicating high LDTs and reduced TPA as NLO materials. The TPA edges
can be further blue shifted by using incident light beams with a polarized electric field perpendicular to
buckling R-ZnS. On the other hand, the TPA edges of ZnS SWNTSs are nearly not affected by diameter
and chirality. The SHG coefficients of ZnS SWNTs are much less influenced by chirality and diameter
than those of SiC, GeC and BN SWNTs. Therefore, they are superior ultrathin NLO materials, and
especially have a potential application in the mid-infrared regime where high-quality NLO crystals are
emergently needed.
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a non-phase matching behavior in AgGaSe,.> Therefore, high-
quality NLO crystals which have potential applications in the
mid-infrared regime are urgently needed.

Recently, NLO phenomena in two-dimensional (2D) mate-
rials** and one-dimensional (1D) single-walled nanotubes
(SWNTs) with atomic thickness®® have become experimental
and theoretical hotspots. 2D materials® and 1D SWNTs?
usually display multiple van Hove singularities in the top of
valence bands, which is the origin of large NLO susceptibili-
ties.® The atomic thickness of 2D materials and 1D SWNTs is
much smaller than their coherent wavelength, so they will not
suffer from the crucial phase-matching problem.'* Compared
with bulk materials, atomic-thick materials exhibit wider band

1. Introduction

Nonlinear optical (NLO) materials are very important because
they have an ability to generate new coherent light with tunable
frequencies that cannot be obtained directly from available
lasers. At the present stage, typical NLO materials applied in the
ultraviolet to near-infrared regimes have been well developed.*
However, the applications of commercial mid-infrared NLO
materials AgGaQ, (Q = S, Se) and ZnGeP, are hindered by
inherent defects, e.g. low laser damage thresholds (LDTs) for
AgGaQ,, harmful two-photon absorption (TPA) for ZnGeP,, and

“School of Environmental and Chemical Engineering, Chongqing Three Gorges
University, Chongqing, 404100, China. E-mail: huleisanxu@163.com; leihu@
sanxiau.edu.cn; litingzhen@163.com

School of Physics and Physical Engineering, Qufu Normal University, Qufu, 273165,
China

‘School of Materials Science and Engineering, Anhui University of Technology,
Maanshan, 243002, China

T Electronic supplementary information (ESI) available: Band structure and
interlayer distance of wurtzite ZnS, band structure of planar g-ZnS, band
structure of buckling R-ZnS monolayer, band structure and total density of
electronic states of a representative (12, 0) ZnS SWNT, and SHG intensity
estimation of planar g-ZnS. See DOI: 10.1039/c9ra05419g

25336 | RSC Adv., 2019, 9, 25336-25344

gaps because of the quantum size effect, e.g. 1.88 eV for
monolayer MoS, (ref. 11) versus 1.29 eV for bulk MoS,."
However, the most intensively studied low-dimensional NLO
material, i.e. monolayer MoS, suffers from a significant defi-
ciency in that the SHG coefficient in various experiments
differs hugely, e.g. 5000 pm V" (ref. 13) vs. 320 pm V~'.** This
deficiency may be caused by strong TPA, which originates
from lack of wide enough band gaps. Therefore, it is necessary
to find low-dimensional NLO materials with stable SHG
signals insensitive to TPA.

This journal is © The Royal Society of Chemistry 2019
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High LDTs also strongly depend on bandgaps. For typical
mid-infrared materials with good NLO performance, the
bandgaps should be preferably wider than 3.5 eV to satisfy
academic and commercial purposes.' Nevertheless, the bandg-
aps of experimentally discovered 2D NLO materials single-layer
MoS, (1.88 eV)," MoSe, (1.53 eV),'® InSe (2.14 eV)'"*® are rela-
tively narrow. Even though it is still unknown the exact bandgap
value of low dimensional NLO materials which is enough for
academic and commercial purposes, it is no doubt that wide
bandgaps enhance LDTs. Moreover, wide band gaps usually
reduce optical transition possibilities which in turn result in
small NLO coefficients. Therefore, search for atomic thick
materials with wider bandgaps and large NLO coefficients
becomes emergent.

On the other hand, bulk ZnS crystals find a variety of appli-
cations,"?® e.g. NLO materials,* light-emitting diodes® and
luminescence.” Compared with bulk forms, 2D planar
graphitic ZnS (g-ZnS) monolayer with zinc and sulfur atoms in
the same plane is rarely investigated.®* Planar g-ZnS mono-
layer sustains large tensile and compressive strain,” and espe-
cially under compressive strain planar g-ZnS is reconstructed
into a buckling monolayer*® where zinc and sulfur atoms stay in
various planes. To facilitate discussions, buckling recon-
structed ZnS monolayer is denoted as R-ZnS in the following.
The top and side views of buckling R-ZnS are given Fig. 1(a). The
top view of planar g-ZnS is identical to that of buckling R-ZnS. In
2017, one atomic layer of ZnS (1 1 1) plane with buckling
behaviors was successfully grown on Au (1 1 1).> Notably,
planar g-ZnS and buckling R-ZnS have direct band gaps, and
their bandgaps are roughly estimated to be 4.21 and 4.70 eV
respectively,” which indicates high LDTs and reduced TPA as
NLO materials. Therefore, in this research we explore the NLO
properties of planar g-ZnS and buckling R-ZnS. As for ZnS
SWNTs, previous studies merely focus on their structural,
electronic, sensing and linear optical properties.**** Uniquely,
the bandgaps of ZnS SWNTs are nearly chirality independent
and weakly diameter dependent,* indicating it is not necessary
to exactly control the chirality and diameter to obtain one-
dimensional SWNTs with the same band gap. Such a bandgap
characteristic of ZnS SWNTs inspires to search for an steady
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NLO property regardless of chirality and diameter, which is
absent in SiC,” GeC® and BN® SWNTSs.

Theoretical results demonstrate planar g-ZnS, buckling R-
ZnS monolayers and rolled-up SWNTs exhibit large SHG coef-
ficients comparable with that of typical AgGaS,, much wider
band gaps than most ultrathin NLO materials, and no TPA in
a wide optical energy range. Therefore, they are superior ultra-
thin NLO materials, and especially have a potential application
in the mid-infrared regime where high-quality NLO materials
are emergently needed. Moreover, the TPA edges of ZnS SWNTs
are nearly regardless of chirality and diameter, and their SHG
coefficients are much less influenced by chirality and diameter
than other SWNTs. Finally, this work means a new family of
ultrathin NLO materials, namely, group I-IV compounds MX (M
=Zn, Cd; X = O, S, Se) related 2D and 1D materials.

2. Calculation methods

In the present work, the electronic and SHG properties of planar
g-ZnS, buckling R-ZnS and rolled-up SWNTs are studied with
first-principles calculations. All calculations are on the basis of
density functional theory implemented in the VASP code.**’
The generalized gradient approximation (GGA) is parametrized
by PBE functional with van der Waals correction (DFT-D2).>**
The plane-wave cutoff energy is set to 450 eV. To avoid inter-
actions between adjacent monolayers or SWNTSs, a large vacuum
space of more than 10 A is added. To overcome problems of
bandgap underestimation caused by GGA-PBE, HSE06 hybrid
functional with 25% Hartree-Fock exchange energy* is utilized
to calculate electronic band structures. As shown in Fig. S1 of
ESI,f the band gap of wurtzite ZnS crystal calculated using
HSEO06 is 3.51 eV, which is very close to an experimental
bandgap 3.77 eV.*! Furthermore, the energy difference between
HSEO06 and PBE bandgaps is applied for scissors corrections in
SHG calculations.

The formulism to calculate static and dynamic SHG coeffi-
cients is presented elsewhere,”” and has been successfully
applied to predict the SHG coefficients of 2D InSe'” and bulk
LiB;0;.** Because a vacuum space of more than 10 A is added,
the effective unit-cell volume is in place of the unit cell volume

Fig.1 Top and side views of (a) buckling R-ZnS monolayer, (b) ZnS zigzag (12, 0) SWNT, and (c) schematic of ZnS chiral (6, 3) SWNT. The blue and

green balls denote zinc and sulfur atoms respectively.

This journal is © The Royal Society of Chemistry 2019
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when calculating optical properties. The effective unit-cell
volume of planar g-ZnS and buckling R-ZnS is obtained by
multiplying the in-plane area of unit cell and the effective
thickness. Similar to planar g-SiC,” the effective thickness d of
planar g-ZnS is considered as the interlayer distance of opti-
mized wurtzite ZnS [¢f Fig. S1 of ESIf]. The effective unit-cell
volume of ZnS SWNTs is given by the equation V* = 1mDdT,
where D and T are the diameter and the length of translational
vectors for ZnS SWNTs respectively.

3. Results and discussions
3.1 Planar g-ZnS monolayer

For planar g-ZnS, the optimized in-plane lattice constant and
Zn-S bond length are 3.876 and 2.238 A respectively, which
agree well with previously reported values.** As shown in Fig. S2
of ESI,T planar g-ZnS displays a direct bandgap, with the valence
band maximum (VBM) and conduction band minimum (CBM)
both located at the I' (0.0, 0.0, 0.0) point. The bandgaps ob-
tained by PBE and HSE06 are 2.51 eV and 3.80 eV, respectively.
HSEO06 functional supplies reliable bandgaps which are
comparable with experimental values. The HSE06 band gap of
planar g-ZnS is apparently wider than that of intensively studied
monolayer NLO materials MoS, (1.88 eV),"* MoSe, (1.53 eV)'®
and InSe (2.14 eV)."” The wide bandgap of planar g-ZnS prom-
ises high LDTs and reduced TPA as NLO materials.

To obtain trustable NLO coefficients, a quite dense k-point
grid of 81 x 81 x 1 is applied to sample the Brillion zone, and
48 energy bands are included to allow complete optical
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transitions. Planar g-ZnS has four nonvanishing SHG coeffi-
cients at the static limit, i.e. x{2,(0) = —x{2(0) = —x&(0) =
—ngy)x(o) dictated by D;y symmetry. The theoretical x%)y(o) of
planar g-ZnS$ is 37.4 pm V', which is larger than ng)y(o) (31.72
pm V') of typical AgGaS,.** The real and imaginary parts of
X%)y of planar g-ZnS are given in Fig. 2(a). The imaginary part
keeps zero until 1.9 eV, which corresponds to the half of the
direct band gap of planar g-ZnS. The real part remains constant
at low energies up to 1.0 eV. From 1.0 to 1.9 eV, the real part
increases gradually and at 1.90 eV arrives at a small peak. The
SHG spectra have pronounced structures contributed from
single- and double-frequency resonant terms. To analyze these
contributions, it is helpful to compare the absolute values of
SHG coefficient |X%¢]y| and the absorptive part of dielectric
function. As can be seen, the peaks a and g are caused by two-
photon resonances [¢f. ¢%(w/2)]. The peak h is due to both
one- and two-photon resonances. The prominent structure
around k comes from one-photon resonances [cf. /).

To further specify the potential application of planar g-ZnS
in NLO devices, we compare the SHG property of planar g-ZnS
with that of the intensively studied monolayer MoS, in
a previous theoretical calculation.** Comparisons of Fig. 2(a)
and (b) demonstrate that planar g-ZnS has two significant
advantages over single-layer MoS, as NLO materials. First, the
absorption edge of xg)y for planar g-ZnS is located at 1.90 eV,
while in sharp contrast, that of monolayer MoS, is redshifted to
0.94 eV.">* As mentioned in the introduction, monolayer MoS,
suffers from a huge deficiency that the |x§£3y| magnitude at
1.53 €V (810 nm) in various experiments differs hugely, e.g. 5000

. 2{ —Re (a)g-ZnS| ;. (b)MoSz
2 —Im
\?0
S o
AV>
8%
bl
— 2)
=, — 11X
22— X
\od)
Ic f
yo— } [}
Av> ' ! |
S % B :
= a_ 'S ih. kY
—8;(0)/2)
" 30
10+ —E&x0)

0 1 2 3 4 5 6 7 8
Energy(eV)

9 0 1 2 3 4 5 6 7 8 9

Energy(eV)

Fig.2 Real (Re) and imaginary (Im) parts of SHG coefficient xﬁ(zx)y and absolute value of SHG coefficient |X)((§()y|r absorptive part of dielectric function
&/ as a function of w/2 and w for (a) planar g-ZnS and (b) monolayer MoS,.
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Table 1 Theoretical in-plane constant a, buckling parameter 4 (A),
PBE bandgap E5°F, HSE06 bandgap ELE (eV), SHG coefficients
x2,(0), x2(0) and x2,(0) (pm V™) of buckling ZnS monolayer

Materials a 4 EZE BT 5@0) x@0)  xZo)
Ry-ZnS 3.837 0.024 2.63 3.90 34.22 —1.52 —1.00
R,-ZnS 3.798 0.035 2.74 4.01 31.08 —2.22 —1.47
R3-ZnS 3.760 0.279 2.77 4.00 29.14 —-17.16 —11.70
R4-ZnS 3.721  0.351 2.79 3.98 28.08 —21.90 —15.56
Rs5-ZnS 3.682 0.450 2.71 3.81 25.76 —26.61 —20.44

pm V' (ref. 13) vs. 320 pm V_'.** This deficiency of monolayer
MoS, may be caused by the strong TPA around 1.53 eV," and
TPA also hinders application ranges of ZnGeP, crystals.*® It is
expected the |X§Qy| magnitude of planar g-ZnS will not suffer
from such problems because planar g-ZnS has no TPA below
1.90 eV. Secondarily, the nonvanishing |x§§2y| of planar g-ZnS
spans a more wide energy range. Moreover, as shown in ESIL
the estimated nonresonant SHG intensity of planar g-ZnS is
larger than that of single-layer MoS, because the refractive
indices of planar g-ZnS are much smaller. The nonresonant
SHG regime from zero to 1.9 eV of planar g-ZnS covers the whole
mid-infrared regime (2-8 um), so planar g-ZnS has a potential
application in the mid-infrared regime.
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3.2 Buckling ZnS monolayer

As mentioned in the introduction, single-layer ZnS with buck-
ling behaviors was successfully grown on Au (1 1 1) in 2017.%
Hence, we simulate the NLO properties of five buckling ZnS
monolayers R;-ZnS, R,-ZnS, R;-ZnS, Ry-ZnS and Rs-ZnS, which
respectively have an in-plane constant, compressed by 1%, 2%,
3%, 4%, and 5% in comparison with that of planar g-ZnS. As
shown in Fig. 1(a), the buckling parameter 4 of R-ZnS, defined
as the z-coordinate differences of zinc and sulfur atoms and
summarized in Table 1, increases with compressive strain. The
effective thickness of buckling R-ZnS monolayer is considered
as the sum of the effective thickness of planar g-ZnS and the
buckling parameter. The band structures of buckling R-ZnS are
calculated with HSE06 and given in Fig. S3 of ESI.{ Buckling R-
ZnS monolayers display direct bandgaps, and their band gaps
are as wide as ~4.0 eV. Such wide bandgaps have been rarely
discovered before in 2D NLO materials except monolayer BN
with a bandgap 6.07 eV."

In SHG calculations, the k-point mesh and energy bands of
buckling R-ZnS are set as that of planar g-ZnS. Apart from
XB0) = —x{20) = —x&,(0) = —x24(0), buckling R-ZnS has
another two-independent SHG coefficients x2,(0) = x{Z(0) =
x20) = x3(0) = x20) = x2(0) and x2(0) dictated by Csy
symmetry. The theoretical x{%(0), x24(0) and xZ(0) are
summarized in Table 1. Similar to planar g-ZnS, the static
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Fig. 3 Real and imaginary parts of xia(—2w, w, o), xSk(—2w, o, ©) and x2,(—2w, w, w) of buckling Ry-, Rs-and RsZnS monolayers.
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xm(o) of buckling R-ZnS is comparable with x' (0) of AgGasS,.
x2(0) and x{Z,(0) increase rapidly with buckling parameter and
for Rs-ZnS, x{2(0) and x{2(0) are comparable with x: (0)

To further reveal the NLO characteristic of buckling R-ZnS
monolayer, the real and imaginary parts of SHG coefficients
X2, x% and x& of slightly buckling R,-ZnS, moderately
buckling R;-ZnS and strongly buckling Rs-ZnS are given in
Fig. 3. As can be seen, the magnitude and line shape of X(Z) for
buckling R;-ZnS, R;-ZnS and Rs-ZnS are almost not modified in
comparison with that of planar g-ZnS. xgc)x and Xg)z of Ry-ZnS are
nearly vanishing, while those of R;-ZnS and Rs-ZnS are of
considerable magnitude and more resonant than X(Z)

To analyze the contributions of single- and double-photon
resonant terms to SHG spectra of buckling R-ZnS monolayer,
we compare the absolute values of SHG coefficients |x2),|, |x2
and |x%,| of buckling Rs-ZnS with the absorptive part of cor-
responding dielectric function in Fig. 4. As can be seen, similar
to planar g-ZnS, the peaks a and g in the |x§§)y| spectrum of
buckling Rs-ZnS are caused by two-photon resonances, the
peak h in |x(2) is due to both one- and two-photon resonances,
and the peak k in |x(2) | comes from one-photon resonances.
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The peaks g and h in |xm| and |chJx| are from double-photon
resonances, while the peak k is due to both one- and double-
photon resonances. More remarkably, the peak a in |x§§)y

disappears in |x2)|. Resultantly, the TPA edge of x2, is blue-
shifted even by ~0.8 eV in comparison with that of
x%)y, which is supported by the fact that the absorption edge of
&y (w/2) is also blue shifted by ~0.8 eV when compared with that
of ¢(w/2). For x2), the polarized electric field of incoming and
outgoing photons is perpendicular to buckling R-ZnS mono-
layer. Briefly, it is possible to further blue shift the TPA edges by
using incident light beams with a polarized electric field
perpendicular to buckling R-ZnS monolayer.

Moreover, Table S1 of ESIT suggests the refractive indices of
buckling R-ZnS are nearly not modified when compared with
that of planar g-ZnS. The small refractive indices of buckling R-
ZnS will enhance the SHG intensity in the nonresonant regime
which covers the mid-infrared regime.

3.3 Single-walled nanotubes

We have investigated the electronic and SHG properties of ZnS
(6, 0), (8, 0), (9, 0), (10, 0), (12, 0), (16, 0), (18, 0), (20, 0) zigzag

1.2{(@) xxy

0 1 2 3

4 S 6 7 8 9

Energy(eV)

Fig. 4 Absolute value of SHG coefficients (a o) Ix2,l and (d

and w.

|Xxxy
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) 1x2),l, absorptive part of dielectric function (b) "

¢ and (e) 7 as a function of w/2
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Table 2 Theoretical diameter D and length T (A) of translational
vectors, PBE bandgap E£5°F, HSE06 bandgap E5*F (eV), static SHG
coefficients x2,(0) and XZZZ(O) (pm VY

Species D T EgPE ESE x2,(0) x2(0)
(6, 0) 7.55 6.43 2.71 3.77 ~14.40  50.14
(8,0) 9.94 6.51 2.69 3.81 1634  45.68
(9, 0) 11.11 654 271 3.85 ~16.86  43.20
(12, 0) 14.96 6.57  2.65 3.84 -17.40  41.30
(16, 0) 19.82 6.61 2.64 3.87 ~17.56  39.20
(18, 0) 22.25 6.61 2.64 3.87 —17.68 38.91
(20, 0) 24.74 6.63 2.62 3.86 ~17.60  38.76
(4,2) 6.62 17.15 2.68 3.72 —6.48 26.96
(6,3) 9.78 17.31 2.68 3.78 -8.84 24.26

SWNTs, (4, 2) and (6, 3) chiral SWNTSs. As shown in Fig. 1, the
optimized zigzag and chiral SWNTs present buckling behaviors.
Their theoretical diameters and lengths of translational vectors
are summarized in Table 2. As suggested by Fig. S4 of ESI, ZnS
zigzag and chiral SWNTs display direct band gaps, with the
VBM and CBM both located at the I' (0.0, 0.0, 0.0) point.
Meanwhile, a high density of states appears near the top of
valence bands, which is helpful for optical interband transitions
to occur near the I" point. The HSE06 band gaps of all ZnS zigzag
and chiral SWNTs are steady around 3.80 eV with a variance
being ~0.1 eV. By contrast, the bandgap variances of SiC
SWNTs, GeC and BN SWNTs are as large as ~0.70 eV,*® ~2.4 eV
(ref. 8) and ~1.70 eV (ref. 49) respectively. The wide bandgaps of
ZnS SWNTs are particularly important for NLO materials to
enhance LDTs, but have not been discovered in NLO SiC” and
GeC® SWNTs.

In SHG calculations, the number of conduction bands is set
as twice that of valence bands for all ZnS SWNTs, and a quite
dense k-point mesh of 1 x 1 x m with m being 40 to 81 is
applied to sample the Brillion zone of all SWNTs except (20, 0).
The k-point grid of 1 x 1 x 31 is adopted for (20, 0), because as
many as 1080 energy bands are essentially included. As dictated
by Kleinman symmetry, ZnS zigzag and chiral SWNTs have two
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independent SHG coefficients in the static limit, i.e. xzﬁl(o) and

X2 (0) = xZ(0) = m( 0 = X5H0) = x5(0) = %§(0). Their
theoretlcal X(ZQ(O) and szx( ) are summarized in Table 2. The
static x{2(0) of ZnS zigzag SWNTs with small diameter such as
(6, 0), (8, 0) and (9, 0) is larger than x&,(0) of planar g-ZnS, while
x20) of large-diameter (16, 0), (18, 0) and (20, 0) approaches
X%)y(o) of planar g-ZnS. As the diameter increases, x2(0) for Zns
zigzag SWNTs decreases. The difference of x{2(0) for small-
diameter (6, 0) and large-diameter (20, 0) ZnS SWNTs is ~12
pm V. By contrast, the variances of Xgil(o) between small- and
large-diameter SiC, GeC, BN and ZnO zigzag SWNTs are as huge
as~250pmV 7 ~150 pm V' #~45 pm V' fand ~30 pm V"’
(ref. 50) respectively. In brief, the SHG coefficients of ZnS
SWNTs are much less influenced by diameter. The xgﬂ(o) of ZnS
(4, 2) and (6, 3) chiral SWNTs is comparable with X(Z)( 0) of
AgGas,, and not significantly modified in comparison with that
of ZnS zigzag SWNTs.

To further understand NLO characteristics of ZnS SWNTs,
the real and imaginary parts of x2, and x2, of zigzag (6, 0), (12,
0), (18, 0) and chiral (6, 3) SWNTs are given in Fig. 5. The most
pronounced character is that, the imaginary parts of xgﬂ and
X;?x for the four SWNTs keep zero until ~1.90 eV regardless of
chirality and diameter. The variances in the real parts of both
x2 and x2, are negligible from zero to 1.0 eV, so stable SHG
signals can be achieved in a wide optical energy range from 0 to
1.0 eV. Therefore, it is not necessary to exactly control the
chirality and diameter to obtain steady SHG signals relying
upon ZnS SWNTs in a wide range of optical energies.

As for the line shape, generally the spectra of each of x2 and
2. of the four SWNTs look similar. x2, and ¥2. of small-
diameter (6, 0) SWNT are more resonant than that of (12, 0)
and (18, 0) SWNTs. To analyze pronounced structures in the
SHG spectra contributed from single- and double-frequency
terms of ZnS SWNTSs, the absolute values of ¥ and x&, of
a representative (12, 0) SWNT are plotted and compared with
the absorption part of dielectric funiction ¢, in Fig. 6. As can be
seen, the main peaks a, g, h and kin the |X§,§2,| spectrum are well

ez (6,0) 12,0)] | (18,0) (6,3)

El
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Fig. 5 Real and imaginary parts of x'2, and x'2 of ZnS zigzag (6, 0), (12, 0), (18, 0) and chiral (6, 3) SWNTs.
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Fig. 6 Absolute value of the SHG coefficients (a) X(ZZZ’Z and (b) X(zi)x: and
(c) absorptive part of dielectric function ¢/ as a function of w/2 and w of
a representative (12, 0) SWNT.

reproduced in |xZ,|. The peaks a and g in |xZ| and |x{Z| are
caused by two-photon resonances, the prominent structure h is
due to both single- and double-photon resonances, and the
peak k mainly comes from one-photon resonances. In brief, the
direct band gap of (12, 0) as well as other ZnS SWNTs is around
3.80 eV, so they will exhibit no TPA below ~1.90 eV. Moreover,
Table S2 of ESI{ suggests the refractive indices of ZnS SWNTs
are nearly not modified in comparison with that of planar g-
ZnS. The small refractive indices of ZnS SWNTs will enhance
their SHG intensity in the nonresonant regime which covers the
mid-infrared regime, so they have potential applications in the
mid-infrared regime.

4. Conclusions

We have performed first-principles simulations of electronic
and SHG properties of planar g-ZnS, bucking ZnS monolayers
and rolled-up SWNTSs. Theoretical results reveal the SHG coef-
ficients of planar g-ZnS, buckling R-ZnS and rolled-up SWNTs
are comparable with that of typical AgGaS,. The band gaps of
planar g-ZnS and ZnS SWNTs are ~3.8 eV, and that of buckling
R-ZnS is as wide as ~4.0 eV, which enhances their LDTs and
reduce their TPA. The TPA edges can be further blue shifted by
using incident light beams with a polarized electric field
perpendicular to buckling R-ZnS. Therefore, they are superior
ultrathin NLO materials, and especially have a potential appli-
cation in the mid-infrared regime where high-quality NLO
crystals are urgently needed. On the other hand, the TPA edges
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of ZnS SWNTs nearly do not affect by diameter and chirality.
The SHG coefficients of ZnS SWNTs are much less influenced by
chirality and diameter than that of SiC, GeC and BN SWNTs,
which means it is not necessary to exactly control the chirality
and diameter to obtain stable SHG signals relying upon ZnS
SWNTs in a wide range of optical energies. Moreover, buckling
ZnS monolayer has been successfully synthesized, so the
present theoretical results can be testified in further experi-
ments and thus stimulates researches on NLO properties of
group II-VI compounds MX (M = Zn, Cd; X = O, S, Se) related
2D materials and 1D SWNTSs.
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