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Tém tit

Trong nghién citu nay, da khao sdt cac tinh chdt
co hoc cia cau triic don 16p SiSx (x = 1, 2) bang
phicong phap 1y thuyét phiém ham mdt do (DFT).
Két qua phdn tich quan hé img sudt - bién dang
cho thdy ca SiS va SiS» ¢6 d bén co hoc tot, véi
bién dang phd hiy Iy twéng theo phwong xy dat
exy=18% véi ting sudt téi han khoang 9,8N/m.
Dang chu y, SiS: thé hién dé bén vuot tréi hon SiS,
véi mikc bién dang phd hiyy lém nhdt dat &,=26%
theo phwong y va vmg sudt ti han 9,48N/m, trong
khi gid tri thap nhdt & cd hai vit liéu xudt hién
theo phwong x, v6i ex=14%. O mirc bién dang nhé
(e <4%), SiS duy tri tinh dan hoi tot hon, cho thdy
dé citng cao hon trong giai doan dau cia qud
trinh kéo gian. Nhitng ddc tinh co hoc nay khang
dinh tiém néng ca SiS va SiS: cho cdc g dung
trong méi trieong lam viéc khdc nghiét, doi hoi vat
liéu co kha nang chiu tdi cao va on dinh duéi ing
sudt I6n. Pdc biét, su két hop gitta do bén co hoc
va tinh linh hoat khi bién dang giup hai vdt liéu
nay tré thanh mg vién ddy hira hen cho cdc thiét
bi dién tu, quang dién va co dién tir thé hé moi.
Két qud nghién ciru khéng chi lam sang té ddc tinh
co hoc ciia SiS. ma con cung cdp co sé quan trong
cho viéc dinh hudng phat trién va img dung vat
liéu nay trong cong nghé ban dan tién tién.

Tw khQa: Cdu tric don lop, DFT, tinh chét co
hoc, bién dang pha huy.

Abstract

In this study, the mechanical properties of
monolayer SiSy (x = 1, 2) were investigated using
density functional theory (DFT). The stress-strain
analysis reveals that both SiS and SiS: exhibit

good mechanical strength, with an ideal failure
strain of &,~18% under biaxial strain and a
corresponding critical stress of approximately 9.8
N/m. Notably, SiS: demonstrates superior
mechanical resilience compared to SiS, with a
maximum failure strain of &,=6% and a critical
stress of 9.48 N/m along the y-direction, whereas
the lowest failure strain for both materials occurs
along the x-direction (e.=14%). At small strain
levels (¢ <4%), SiS retains better elastic behavior,
indicating higher stiffness during the initial stage
of stretching. These mechanical characteristics
highlight the potential of SiS and SiS: for
applications in harsh environments requiring high
load-bearing capacity and structural stability
under significant stress. In particular, the
combination of mechanical robustness and strain
flexibility makes these materials promising
candidates  for next-generation electronic,
optoelectronic, and  nanoelectromechanical
(NEMS) devices. Overall, this study not only
elucidates the intrinsic mechanical behavior of
SiSy monolayers but also provides a valuable
foundation for their development and application
in advanced semiconductor technologies.

Keywords: Monolayer  structure, DFT,
mechanical properties, fracture strain.

1. Gioi thiéu

Vit liéu don 16p dang tr¢ thanh mdt linh vyc quan
trong trong nganh dién tu va cong nghé nho cac dac
tinh vuot trdi ciia chung. Ching duogc cAu tao tur cac
16p nguyén tir siéu mong, c6 do day tir mot dén vai
nguyén tir va dugc xem 1a nén ting tiém ning cho sy
phat trién cua cong nghé quang dién ké tir khi
graphene duoc ché tao thanh cong [1]. Hién nay, vt
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lidu 2D di va dang dugc ing dung rong rii trong nhiéu
linh vuc nhu cam bién quang hoc, co bép nhén tao va
thiét bi dién tr nano [2, 3]. Khoéng chi mé ra tiém nang
tmg dung thyc tién, chung con thic dy su phat trién
trong nhiéu linh vuc khoa hoc va ky thuat tién tién.

Ngodi graphene, nhiéu vét liéu 2D khac nhu MoS.,
boron nitride (BN) va ZnO da dugc phat hién [4-6].
Trong s6 d6, SiS va SiS: don 16p ndi bat véi tiém ning
ung dung cao trong cong nghé dién tir va quang dién.
Trong nghién ctru ctia Ullah va céc cong sy dé chi ra rang
SiS don 16p c6 do léch mang khoang 0,3%, d6 rong ving
cAm dat 2,18eV va do linh dong ctia hat mang dién tir cao
hon dang ké so véi hat mang 15 trng - yéu t6 quan trong
trong viéc tach electron va 15 trdng, gop phan nang cao
hiéu suit cua céc thiét bi dién tr va quang dién [7]. Bén
canh d6, Elsalam bao cao réng hé sb Seebeck cua SiS
don 16p tiang theo nhiét do, trong khi do dan dién va do
dan nhiét electron c6 xu huéng giam, cho thay kha ning
t6i wu hoa dong thoi ca hai yéu td nay nho ting do linh
dong hat mang [8]. V&i SiS: don 16p, nghién ctru cua
Guan va cong su xac dinh dy la vat liéu ban dan gian
tiép v6i do rong ving cam khoang 2,34eV [9]. Bera chi
ra rang don 16p SiS: c6 hé s Seebeck cao, (2100pV/K
loai n, 22811 V/K loai p) va hé sb cong suit nhiét dién
(PF) lan luot 1a 15,61W/K?m (loai ) va 7,7 W/K?m (loai
n) ¢ 300K [10].

Nhin chung, cac nghién ctru trude day da chi ra
rang SiS va SiSz don 16p s& hitu nhiéu dic tinh wu viét
vé dién tir, nhiét dién va quang hoc. Tuy nhién, dé khai
thac tdi da tiém nang tmg dung trong thuc té, van can
thém nhiéu nghién ctru chuyén sau hon. Trong do,
viéc danh gia tinh chat co hoc déng vai trd quan trong,
khong chi gitip xac dinh d6 bén & quy mé don 16p ma
con tao nén tang t6i wu hoa hiéu suét thiét bi sir dung
SiS va SiS..

Vi vdy, nghién ciru nay tap trung xac dinh hang sé
mang tinh thé, cac dic tinh co hoc va ing xir ciia vét
lidu don 16p SiS va SiSz duéi tac dong cua bién dang
bang 1y thuyét phiém ham mat do (DFT). Két qua thu
dugc khong chi chi gop phan lam rd dic tinh vat lidu
ma con mé ra trién vong tmg dung trong cac thiét bi
dién tir, quang dién tir va cam bién thé hé méi.

2. Phuong phap mo phéng va tinh toan

Céac tinh toan va mo phong duoc thyc hién bang
phuong phap nguyén 1y dau thong qua phan mém
Quantum Espresso (QE). Pé dam bao d6 chinh xac,
ngudng ning luong cét cho song phing va mat do dién
tich dugc thiét 1ap 1an lugt 12 60 Ry va 720 Ry , véi
ludi diém k13 15x15x1 theo phwong phap Monkhorst-
Pack. Qua trinh tinh toan sit dung ham tuong quan
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trao d6i GGA-PBE [11], vé&i pseudopotential
Optimized Norm-Conserving Vanderbilt (ONCV)
PBE, phién ban 1.2 [12]. Mb hinh ciu tric duge md
phong véi viing chan khong 30 A theo phuong z nhim
tranh sy tuong tac giita cac 16p nguyén tir. T6i uu hoa
céu tric duge thue hién & nhiét d6 0K véi didu kién
hoi tu: Luc tac dung 1én mdi nguyén tir khong vuot
qua 5x10Ry/a.u. va tmg suit < 5x102GPa. Cac tiéu
diéu kién nay dam bao trang thai can bang dugc mod
phong chinh xac, tao nén tang cho cac tinh toan co hoc
tiép theo trén hé SiS va SiS. don 16p.

3. Két qua va thao luan
3.1. Toi wu hoa cdu tric va kiém tra dp on dinh

Hinh 1 mé ta ciu trac don 16p SiS va SiS2 duéi
dang hai chiéu (2D), trong d6 SiS gdbm mét nguyén tir
Si va mot nguyén tir S, con SiS: gdm mot nguyén tir
Si va hai nguyén tir S. Cac céu trac don 16p SiS va
SiS, duge toi wu hoa trong diéu kién tiéu chuan tai
nhiét d6 OK bang phuong phép phiém ham mat do
(DFT), dam bao trang thai can bang ning lugng cuc
tiéu. Két qua tdi wu hoa thu duoc vé hang s6 mang tinh
thé va cac thong sb vat lidu co ban duge trinh bay
trong Bang 1. Cu thé, hang s6 mang tinh thé cua SiS
va SiS: lan luot 1a a = b =3,31A vaa = b = 3,28A,
phit hop vé6i cac két qua nghién ctru trude day [13, 14].

Pé x4c nhan tinh 6n dinh cia cau trac don lop SiS
va SiS2, bai bao nay da tién hanh hai kiém tra 6n dinh
dong luc hoc thong qua phd phonon va 6n dinh tinh hoc
qua hing s6 dan hoi. Két qua cho thiy phd phonon
trong toan bg ving Brillouin ciia SiS va SiS, déu so hitu
c4c nhanh dao dong 4m thanh & tin s& thip va cac
nhanh quang hoc & tin s6 cao, Hinh 2 (a, ¢), v6i tan sb
dao dong cuc dai cua SiS dat 500 cm™, va cua SiS, dat
~490cm™!, phan anh do bén lién két manh giita cac
nguyén tir. Pic biét, khong xut hién bit ky tan s6 ao
trong ving Brillouin, cho thdy cac rung dong nguyén
tir khong dan dén su pha huy ciu trac, chimg minh
mang tinh thé khong d& bi pha huy boi dao dong
nguyén tir ngiu nhién. Vé 6n dinh tinh hoc, cac hang s6
dan hodi da dugc tinh theo tiéu chuan Born-Huang [15]
va c4c gia tri nay dugc béo céo trong Bang 1 déu thoa
min céc diéu kién on dinh co hoc cua cAu truc luc giac,
cu thé 1a: Cyy > |C1z) > 0 va Ces > 0, khing dinh tinh
chdng bién dang dudi img suat ngoai. Nhur vay, viéc két
hop hai tiéu chuan nay cho phép khang dinh ctia ciu
trac don 16p SiS va SiS2 khong chi duy tri trang thai
can bang duéi cac ing suét tinh ma con chdng lai sy
mét 6n dinh do dao dong nguyén tir, tir d6 dam bao tinh
én dinh va ton tai trong céac didu kién thuc té.
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Hinh 1. Mé hinh céu tric nguyén tir ciia don Iop: (a) SiS; (b) SiS2
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Hinh 2. Phé dao dong phonon ciia céu triic don 16p: (a) SiS; (b) Ving Brillouin; (c) SiS2

Bing 1. Hing s6 mang tinh thé - a (A), hing sé din héi - Cij (N/m), mé-dun din héi - E (N/m) va hé sé Poisson - v
ciia vit liéu don lop SiS va SiS?

Vit liéu a=b Cn Cn2 Cn Co6 Exx=Eyy Vax =Wy
SiS 3,31 121,03 19,63 121,03 50,64 117,85 0,16
SiS2 3,28 127,60 50,87 127,67 38,41 107,33 0,398

3.2. Tinh chit co hoc

CAu trac don 16p cua vat li¢u dugc phan tich trong
khuon kh 1y thuyét dan hdi tuyén tinh hai chiéu, véi
céc thanh phan hang s dan hoi hoan toan trong mat
phiang gém C11, C12, C22 va C66, nhu trinh bay &
Bang 1. Nhiam danh gia mtc d6 dang hudng cua vat
lidu trong mién dan hdi, mdi quan hé giita goc kéo
mo-dun dan hdi (E) va hé sb Poisson (v) da dwoc phan
tich, dugc xac dinh thong qua céac cong thuc [14]:
C11C22 — Clzz (1 )

2
C11§4 + sz§4 -&%? (zclz - CuCa =Gy j

66

E(p) =

Cusz — C122 J
Coo 2
2
Cué* +Cpet - &%* [2C12 - Cucéz G j

66

C122(§4+§4)_§2§2[C11+C22_

v(p) =

Trong d6, Ci1, Cia, Caa va Ceg 12 cac hang sé dan
hdi cua vat liéu. & = sin*(p), ¢ = cos* () vdi ¢ 1a goc
duoc tao boi véc-to kéo va phuong Ox. Viéc phan tich
cac phuong trinh nay gitp lam rd muc do bat dang
hudng cia ciu trac SiS va SiS., tir d6 cung cip goc do
phén tich sau hon vé co ché dan hoi cua vat liéu.

178

Hinh 3, mé ta két qua su phan tan cta E va v theo
g6c kéo ¢. Phan tich dir liéu cho thiy, ca hai dai luong
ndy déu c6 mirc d6 phén tan ddng nhat & moi goc kéo
¢, diéu nay khang dinh tinh ding hudng ctia vét lidu SiS
va SiS: trong mién dan hoi. Sy déng hudng nay chimg
minh ré“mg céc tinh chét co hoc cua vat liéu khong phu
thudc vao hudng tac dung ciia tmg suét hay bién dang
trong gidi han ciia mién dan hoi. Két qua cho thdy mo-
dun dan hoi cua SiS (E = 117,85N/m) cao hon SiS; (E
=107,33N/m), phan anh d9 cting co hoc 16n hon & SiS.
Su khac biét nay cod thé do céu trac lién két va do bén
lién két nguyén tir trong mang tinh thé. So v&i Janus
WSSe (137,7N/m) [16] va CN> (323,68N/m) [17], md
dun dan hdi cua ca SiS va SiS, déu thip hon dang ké.
Dic tinh nay goi ¥ tiém ning tmg dung cta ching trong
cac linh vyc yéu cau kha nang chiu bién dang co hoc
cao, nhu thiét bi dién tir déo. Ngoai ra, hé s Poisson
cia SiS (v=0,16) thdp hon dang ké so véi SiS,
(v=0,398), cho thiy SiS c6 tinh chét co hoc kém ding
huéng hon va it bi bién dang ngang hon so véi SiS: khi
chiu ung sut doc. Hé s6 Poisson cua SiS: cao cho théy
vat liéu nay co xu hudng gian ngang manh hon khi bi
kéo doc, do d6 linh hoat hon SiS.
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Tinh chét co hoc cua vat liéu don 16p SiS va SiS.
con duge thé hién qua mbi quan hé giita ing sudt va
bién dang theo cac phuong x, y va dong thoi theo hai
phuong x va y (xy). Bién dang co hoc dugc mod phong
bang cach diéu chinh kich thuéc mang tinh thé theo
cong thuc:

p=lth 3)

IO

Véi, Ip va [ 1an luot 1a hang s6 mang tinh thé &
trang thai can bang va trang thai bién dang. Dbi vai
vt lidu hai chiéu (2D), E ¢6 don vi 1a N/m do khong
¢6 do day xac dinh nhu ¢ vat liéu ba chidu (3D). Vi
vay, ung suat duoc biéu dién theo luc trén don vi chiéu
dai thay vi dién tich, phan anh dac trung co hoc trong
mit phang ciia hé 2D.

Hinh 4 mé ta mbi quan hé giita bién dang kéo va
{mg sudt ctia vat liéu don 16p SiS va SiS: theo phuong
x, y va ddng thoi xy. Dudi bién dang theo phuo’ng X,
ca hai vat liéu thé hién ung xir co hoc tuong d6i 6n
dinh véi bién dang pha huy dat e,=14%. Tuy nhién,
SiS: ¢6 tng sut t6i han cao hon dang ké (0,,=7,52
N/m so v6i ox=3,1N/m cua SiS), cho théy do bén co
hoc vuot trdi hon, nhu mo ta trén Hinh 4 (a). Dudi
bién dang theo phuong y, SiS; thé hién kha ning chiu
{mg sudt tt hon voi bién dang pha huy &,=26% va
{g suét toi han dat 6,,=9,48N/m, trong khi SiS chi
dat e,, =14% va 0,,=3,38N/m, nhu thé hién trén Hinh
4 (b). Biéu nay cho thay SiS: ¢6 tinh dan hdi cao hon
va kha ning chiu tai tot hon theo phwong y. Khi chiu
bién dang dong thoi theo phuong xy, ca hai vat liéu
déu c6 bién dang pha huy twong ddi dong déu
(6x,=18%) v&i Umng suidt téi han xdp xi nhau

(0,=9,8N/m ddi v6i SiS va 6,,=9,56N/m dbi véi SiS2).

Tuy nhién, sy khac biét rd rét dugc quan sat trong giai
doan bién dang nho (¢<4%), khi SiS duy tri tinh dan
hoi 1én dén 4%, trong khi SiS. chi khoang 2%, nhu
trén Hinh 4 (c). Phan tich cho thiy SiS c¢6 d6 clmg cao
hon & mirc bién dang thap, c6 thé 1a loi thé trong cac
ung dung yéu clu do on dinh co hoc & giai doan dau
ctia bién dang. So sanh v&i mot sb vat liéu don 16p
khac da dugc nghién ctru, nhu PbS, (0,15N/m) [18],
GeSe (6,2N/m) [19], nhan thay SiS va SiSz ¢6 d6 bén
co hoc vuot troi, véi gia tri img suat cao hon dang ké.
Két qua nay khong chi khing dinh kha ning chiu tai
cao cua cac vat liéu ndy ma con mé ra tiém ning Gmg
dung trong cac mdi trudng yéu cau do bén co hoc 16n,
nhu thiét bi co dién tir, cam bién ap suit va vt lidu
chiu lyc. Dic biét, su Kkét hop gitra tinh bén cao va kha
nang bién dang linh hoat gitip SiS va SiS: tro thanh
{mg vién tiém ning cho cac hé thong nano-co dién tir
va céac thiét bi tién tién trong tuong lai.

Ky thuat va Céng nghé Hang hai

4. Két luan

Phan tich sy phu thudc cia E va v theo goc kéo ¢
cho thdy ca SiS va SiS: déu c6 tinh déng hudng trong
mién dan hdi. Cu thé, SiS thé hi¢n mo-dun dan hdi cao
hon (£ = 117,85N/m so v6i 107,33N/m cuia SiSz),
phan anh d6 ctng vuot trdi & mirc bién dang thap.
Nguoc lai, SiS2 c6 hé sb6 Poisson 1én hon dang ké
(v=0,398 s0 v&i 0,16 cua SiS), cho thdy kha ning gidn
ngang va dg linh hoat hon khi chiu lyc kéo doc.

Phan tich quan hé tmg suét - bién dang cho thiy
SiS: ¢6 d6 bén co hoc vuot trdi so voi SiS, véi ung
suat t6i han dat 7,52N/m (phuong x) va 9,48N/m
(phuong y), so v6i 3,1N/m va 3,38N/m twong Ung &
SiS. Khi chiu bién dang dong thoi theo ca hai phuong
x va y, hai vat lidu dat ngudng tmg sut t6i han xp xi
9,8N/m. Tuy nhién, trong mién bién dang nho (< 4%),
SiS cho théy tinh dan hoi tot hon, phan anh do ctng
cao hon & mirc bién dang thap, trong khi SiSa thé hién
linh hoat va bén hon & bién dang 16n.

TAI LIEU THAM KHAQ

[1]1K. S. Novoselov et al. (2004). Electric field effect
Vol. 306,

in atomically thin carbon films, Sci.,
No.(1), pp.666-669.

[2] V. A. Cao et al. (2021). Enhanced piezoelectric
output performance of the S,S2/S,S heterostructure
thin-film piezoelectric nanogenerator realized by
atomic layer deposition, ACS nano, Vol. 15,
No.(2), pp.10428-10436.

[3]L. Zhang et al. (2023). Design, synthesis, and
application of some two-dimensional materials,
Chem. Sci., Vol. 14, No.(3), pp-5266-5290.

[4] M. Ye et al. (2015). Recent advancement on the
optical ~ properties of  two-dimensional
molybdenum disulfide (MoS2) thin films, in
Photonics, Vol.2, No.4, pp.288-307.

[5] V. Guerra et al. (2019). Thermal conductivity of
2D nano-structured boron nitride (BN) and its
composites with polymers, Progr. Mater. Sci., Vol.
100, No.(5), pp.170-186.

[6] D. M. Cruz et al. (2020). Green nanotechnology-
based zinc oxide (ZnO) nanomaterials for

biomedical applications: a review, J. Phys. Mater.,

Vol.3, No.(7), pp.034005-36.
[71 S. Ullah et al. (2023). Theoretical prediction of the

electronic  structure, optical properties and
photocatalytic performance of type-1 SiS/GeC and
type-11 SiS/ZnO heterostructures, RSC Adv.,Vol.

13, No.(8), pp.7436-7442.

SO 84 (11-2025)



TAPCHi  ISSN: 1859-316X, e-ISSN: 3093-3161

KHOA HOC CONG NGHE HANG HAI

Ky thuat va Cong nghé Hang hai

[8] A. Abd-Elsalam et al. (2022). Structure and
thermoelectric ~ behavior
based/CNT-composite,
No.(11), pp.88-92.

[91Y. Guan et al. (2020). Tunable electronic
properties of type-1I SiS:)/WSe: hetero-bilayers,
Nanomaterials, Vol.10, No.(17), pp.2037-12.

[10] J. Bera et al. (2021). Phonon Coupled Scattering
Caused Ultralow Lattice Thermal Conductivity
and Its Role in The Remarkable Thermoelectric
Performance of Newly Predicted SiS> and SiSe;
monolayers, Cond-Mat.Mtrl-Sci., Vol.5, No.(18),
pp-1-23.

[11] J. P. Perdew et al. (1996). Generalized gradient
approximation made simple, Physical Review
Letters, Vol.77, No.(18), pp.3865-3868.

[12] D. R. Hamann (2013). Optimized norm-
conserving Vanderbilt pseudopotentials, Physical
Review B, Vol.88, No.(8), pp.085117-10.

[13] Q. Alam et al. (2021). First-principles study of

and optical and

of  polyaniline-

Curr. Appl.,, Vol.36,

the electronic  structures
photocatalytic performances of van der Waals
heterostructures of SiS, P and SiC monolayers,
RSC Advances, Vol. 11, No.(24), pp.14263-14268.
[14] N.H.Linh et al.(2023), Prediction of mechanical,
electronic and optical properties of monolayer
1TSi-dichalcogenides via first-principles theory,
Mater. Today Commun., Vol. 36, No.(1), pp.1-16.

LJOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

[15] F. Moubhat et al. (2014). Necessary and sufficient
elastic stability conditions in various crystal
systems, Phys. Rev. B: Condens. Matter Mater.
Phys., Vol.90, No.(22), pp.224104-4.

[16] V. V. Thanh et al. (2020). First-principles study
of mechanical, electronic and optical properties of
Janus structure in transition metal

dichalcogenides, Appl. Surf. Sci., Vol.526, pp.

146730-30.

[17] V. V. Thanh et al. (2019). Charge-induced
electromechanical actuation of two-dimensional
hexagonal and pentagonal materials, Phys Chem
Chem Phys, Vol.21, No.(40), pp.22377-22384.

[18] N. H. Linh et al. (2023). First-principles
investigation on the electromechanical properties
of monolayer 1H Pb-Dichalcogenides, Mater. Res.
Soc. Korea, Vol. 33, No.(5), pp.189-194.

[19] N. H. Linh et al. (2025). First-principles analysis
of mechanical, optoelectronics and piezoelectric

properties in buckled honeycomb GeSe monolayer,
Surf. Sci., Vol.755, pp.122703-8.

Ngay nhan bai: 11/06/2025
Ngay nhan ban sua: 13/07/2025
Ngay duyét dang: 16/07/2025

180

SO 84 (11-2025)



