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Tém tit

Vit lidu hai chiéu c6 ciu tric bay 16p nguyén tir MoSi,N4 duoc tong hop thanh cong bang thyc nghiém da mo ra mot
huéng tiép can méi trong viéc nghién ciru cac vat lidu co ciu triic 10p. Theo xu hudng do6, trong bai bao nay ching t6i
thiét ké va khao sat cac dic trung cdu tric va cac tinh chat dién tir cuia vat liéu hai chiéu MGe;Ns (M = Mo, W) bang
phuong phap ly thuyét phiém ham mat do. Cac két qua thu dugc chimg minh rang cac don 16p MGezN4 (M = Mo, W) ¢6
cau trac 6n dinh va c6 kha nang che tao bang thyc nghiém. O trang thai can bang, ca hai don 16p MoGezNs va WGe;N4
déu 1a nhitng ban dan véi vung, cAm xién. Cac tinh toan cho thiy rang bién dang khong chi anh huéng dén cau triic ving
nang luong ma con lam bién dbi mot cach dang ké d6 rong ving cdm cua cac don 16p MGeoNa. Cac két qua cua ching
t61 gop phan lam sang to hon cac tinh chit vat 1y cua ho vat liéu hai chiéu MA,Z,.

Tir khoa: Vat liéu hai chiéu; tinh chat dién tir; 1y thuyét phiém ham mat do.
Abstract

The successfully synthesized two-dimensional seven-atomic layer structure MoSi2N4 has opened up a new research
direction in the field of layered materials. Stimulated by this achievement, in this work, we design and investigate the
structural and electronic properties of the two-dimensional material MGe;N4 (M = Mo, W) using the density functional
theory. The obtained results demonstrated that MGe;N4 (M = Mo, W) monolayers are structurally stable and can be
experimentally fabricated. At the gound state, both MoGezN4 and WGe2N, are semiconductors with indirect band gaps.
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It is found that strain not only affects the electronic energy band structure of MGe.N4 monolayers but also significantly
changes their band gap. Our findings contribute to clarifying the physical propertiesof the two-dimensional MA>Z, family.

Keywords: Two-dimensional materials; electronic properties; density functional theory.

1. Giéi thi¢u

Nam 2004, viéc khdm pha thanh céng
graphene [1] da thuc day qué trinh tim kiém va
nghién ctru mot cach dang ké céc vat liéu hai
chiéu (2D) ¢6 ciu trac 16p. Graphene dé cho thay
¢6 nhiéu tng dung trong cac linh kién va thiét bi
moi. Tuy nhién, v6i do rong ving cidm bang
khong, graphene d gip phai sy han ché trong
céc transistor hiéu ing truong. Do d6, cong dong
khoa hoc da tiép tuc téng hop cac vat liéu hai
chiéu khac c6 ciu triic twong tu graphene, chang
han silicene, germanene, cac hgp chit kim loai
chuyén tiép nhom dichalcogenide va cac vt liéu
monochalcogenide. Cac hop chat méi nay da
chung to tiém ning ung dung to 16n trong cac
thiét bi dién tir, cam bién khi, luu trit nang luong,
cong nghé quang xuc tac [2-5]...

Nam 2017, mot vat liéu hai chiéu méi duogc
ché tao thanh cong d tao ra mot xu hudng nghién
ctru mai trong linh vue khoa hoc vit liéu. Do 1a
cau triic hai chiéu bat d6i ximg Janus MoSSe [6,
7]. Chinh su khac biét trong kich thudc nguyén tir
gitra hai loai nguyén tir & cac bé mat khac nhau da
dan dén su pha v dbi xtmg trong ciu tric Janus.
Su pha v& cau trac ddi ximg di dan dén cac tinh
chit vat Iy khac biét v6i so voi cac vat lieu dbi
xtng, voi cac tmg dung trong cac thiét bi nano
moi trong cac linh vuc dp di¢n, quang xuc tac
phan tach nudc [8, 9]... Nhiéu nghién ctru vé cac
vat lidu Janus da dugc tién hanh va ngay cang gia
tang trong thoi gian gan day.

Nim 2020, bang phuong phép ling dong hoi
hoa hoc, vat liéu hai chidu c6 ciu tric bay 16p
nguyén tir MoSizNs duoc tong hop thanh cong
bang thyc nghiém di mé ra mot hudng tiép can
moi trong viéc nghién ctru cac vat li¢u hai chiéu
[10]. Theo xu hudng do, nam 2021, ho vat ligu
hai chiéu MA2Zs gdm ciu tric bay 16p nguyén
tr da duoc tién doan [11]. Nhom tac gia da bao

c4o phuong phap dé xay dung cac don 1op
MA2Z4 véi céu trac xép 16p bang cach xen k&
mot don 16p MZ, loai MoS2 vao mét don 16p
AzZ> loai InSe. Bang céc tinh toan dya trén 1y
thuyét phiém ham mat do, ho vat liéu MA2Z4 thé
hién cac tinh chit dién tr phong phua va do linh
dong dién tr tuy€t voi so véi cac vat liéu khac
[11]. Do d6, trong bai bao nay, chung toi s€
nghién ctru mdt cach chi tiét va hé théng cac dac
trung cAu trac va tinh chét dién tir cia vat liéu
hai chiéu MGezN4 (M = Mo, W) bang phuong
phap 1y thuyét phiém ham mat d6. Pong thoi,
anh huong ciia bién dang co hoc 1én cac tinh chat
dién tur cua vat liu cling s€ dugc khao sat trong
bai bao nay.

2. Phuong phap tinh toan

Trong bai bao nay, ching t6i nghién ctru cac
tham s6 cau truc va dic tinh dién tr caa don 16p
MGe;Ns (M = Mo, W) bang 1y thuyét phiém ham
mat d6 (DFT) thong qua géi phan mém md
phong VASP [12, 13]. Dé tinh céc tuong tac trao
doi tuong quan trong vat li€u, chiing t6i s dung
phuong phép gan dung gradient suy rong (GGA)
v6i phiém ham PBE (Perdew, Burke va
Ernzerhof) [14]. Chung t6i ciing sir dung phiém
ham lai HSE06 dé udc luong gia tri nang luong
viing cAm mét cach chinh xac hon [15]. Bé khao
sat twong tac van der Waals trong vit liéu xép
16p 2D, chung toi sir dung phuong phép phiém
ham mat d6 cai tién DFT-D2 [16]. Ching toi sir
dung hiéu chinh ludng cuc dé khao sat thé tinh
dién & cdc mit khac nhau cta vat ligu bat dbi
xtng Janus [17]. Vung Brillouin dugc chia thanh
ludi (15 x 15 x 1) k-mesh theo phuong phap
Monkhorst-Pack. Ching t6i str dung phan mém
mo phong PHONONY [18] dé tinh toan phd
phonon cuia céac vat li¢u. Ngudng nang lugng cho
co so song phang duoc thiét 1ap 1a 500 eV. Tt
ca cac cau truc don 16p duge tdi wu hoa hoan
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toan v4i ngudng hoi tu luc tic dung 1én mdi
nguyén tir 12 10 eV/A. Mot khoang chan khong
20 A doc theo truc z dugc thém vao dé loai bo su
tuong tac gitra cac 16p lan can.
3. Két qua va thao ludn
3.1. Céu tricc tinh thé va dp on dinh ciia ciu
tric

Don 16p hai chiéu MGezNs (M = Mo, W) ¢6
cAu trtc tinh thé duge minh hoa nhu & Hinh 1.
Tir hinh v& chiing ta c6 thé thiy rang don 16p
MGezN4 duoc tao thanh boi bay 16p nguyén ti
theo thir tu sap xép N-Ge-N-M-N-Ge-N. Hing

sd mang cta cac don 16p MoGeaNs va WGezN4
lan luot 13 2,99 va 3,00 A. Bé day cua hai don
16p nay ciing c6 xu hudng ting dan tir MoGezNg
dén WGez2N4, cu thé bé day ciia MGeaN4 12 7,39
va 7,41 A. Viéc tang hing sé mang va bé day cua
cac vat liéu khi M thay d6i tir Mo sang W ¢6 thé
duoc gidi thich do ban kinh nguyén tr cia W 16n
hon ctia Mo. Céac tham sb cdu triic khac nhu
khoang cach nguyén tir gitta M va N hay gitta Ge
va N dugc binh bay & Bang 1. Két qua thu duoc
clia chung t6i vé cac tham s ciu trac cua don
16p hai chiéu MGezN4 (M = Mo, W) phtt hop véi
cac tinh toan 1y thuyét trude day [11].

Hinh 1. Cau truc tinh thé ctia don 16p MGe,N4 (M = Mo, W) theo cac goc nhin khac nhau.

Chuing t61 str dung g6i mé phong PHONOPY
[18] dé khao sat ¢ on dinh cua hai don 16p
MGezN4 (M = Mo, W) thong qua viéc tinh toan
phd phonon ctia chung. Két qua thu duoc cta
phé phonon dugc biéu dién ¢ Hinh 2. Chiing ta
thdy rang c6 21 nhanh dao dong trong toan mién
Brillouin do ¢6 7 nguyén tu trong mot 6 don vi,
bao gdm 3 nhanh dao dong 4m va 18 nhanh dao
dong quang. Ca 21 nhanh dao dong nay déu co

tan s6 duong trong toan mién Brillouin, diéu nay
chtng t6 hai don 16p MGe2N4 (M = Mo, W) ¢6
c4u tric 6n dinh vé mat dong hoc va c6 kha ning
téng hop béng thuc nghiém. Bén canh do, ching
ta ciing thdy rang c6 sy chong lan giira céac
phonon quang va phonon am kéo theo su tan xa
gifta cac nhanh dao dong. Piéu nay c6 thé anh
huong dén do din nhiét cua cac vat liéu duoc
khao sat.

Bang 1. Hang s mang a, chiéu dai lién két dm.n, dee-n1, Qee-nz, bé day h va d rong ving cim Eg
dugc tinh theo phiém ham PBE va HSE06 ctia don 16p MGezNs (M = Mo, W).

a (A) dm-n (A) dee-N1 (A) dee-n2 (A) h (A) EgBE (eV) E;;ISEOG (eV)
MoGexN4 | 2,99 2,11 1,86 1,84 7,39 1,12 1,43
WGe2Ns | 3,00 2,12 1,86 1,84 7,41 1,32 1,72
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Hinh 2. Phd phonon cua don 16p MGezN4 (M = Mo, W).

3.2. Tinh chdt dién tiv

Céc tinh chat dién tir ciia hai don 16p MGezN4
(M = Mo, W) dugc chung t6i khao sat bang
phuong phap 1y thuyét phiém ham mat d. O
day, ching toi sir dung ca phiém ham PBE va
phiém ham lai HSE06 dé nghién ctru cdu tric
vung nang lugng dién tor cua hai vat li¢u
MoGezN4va WGe;Nas. Cac két qua tinh toan nay
dugc ching t6i trinh bay ¢ Hinh 3. Péau tién
ching ta xem xét cu tric ving ning luong dién
tir clia cac don 16p dugc tinh theo phiém ham
PBE. Hinh 3(a) chi ra rang cyc tiéu ving dan
(CBM) ctia cac hop chat MGez2N4 (M = Mo, W)
nam tai diém K, con cuc dai vung hoa tri (VBM)
nam trén duong thang KG, sat v6i diém G. Do
do, cac don 16p MGe2N4 (M = Mo, W) la céac ban
dan c6 ving cim xién theo phuong phap PBE.
Hinh 3(b) trinh bay céu tric ving ning luong
dién tir duoc tinh theo phiém ham lai HSE06 cta

hai don 16p. Chung ta thdy ring dang diéu cta
ciu triic ving ning luong dugc xac dinh boi hai
phuong phap gan nhu nhau, tuy nhién, VBM
theo phuong phap HSE06 nam tai diém G con
CBM vén nim tai diém K. Do d6, ban chit ban
dan voi vung cAm xién van duoc thé hién trong
phuong phap HSE06. Ngoai ra, cac bao cao da
chi ra rang phuong phap str dung phiém ham lai
HSEO06 cho két qua d6 rong ving cidm 16n hon
va chinh xac hon so voi phiém ham PBE. Cu thé,
d6 rong viing cdm ctia don 16p MoGezNg 121,12
eV (theo PBE) hodc 1,43 eV (theo HSE06); do
rong ving cdm cia don 16p WGeaN4 14 1,32 eV
(theo PBE) hoic 1,72 eV (theo HSE06). Két qua
nay la phu hop véi céc tinh toan trude day cua
Wang va cong su [11]. Bén canh d6, cac tinh
toan cua ching toi cho thay rang MoGezNs c6 d6
rong vung cAm 16n hon MoGesP4 (0,56 eV;
PBE) va MoGe2Ass (0.47 eV; PBE) [11].
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Hinh 3. Céu trac ving ning luong dién tir cua don 16p MGezNs (M = Mo, W).

Tiép theo, chiing toi xem xét sy dong gop cua
cac obitan nguyén tir vao viéc hinh thanh céu
tric viing nang luong dién tir. Dé 1am dugc didu
nay, chung t61 nghién ciru méat dg trang thai riéng
phan (PDOS) cta cac hop chat 2D MoGezN4 va
WGe2N4. Céc tinh toan thu duoc cua PDOS
duge mo ta chi tiét & Hinh 4. Dbi véi don 16p
MoGezNg4, obitan d ctia kim loai Mo dong vai tro
chu yéu vao viéc hinh thanh ving dan. Trong khi
do, vung hoa tri cia MoGe2N4 dugce tao thanh
chu yéu tir obitan p cia N. Obitan d cua kim loai
Mo cling tham gia vao viéc hinh thanh viung hoa
tri, tuy nhién vai tro ctia obitan nay khong 16n so
v6i obitan N-p. Dbi v6i don 16p WGezN4, obitan
d cua kim loai W dong vai tro chinh vao viéc
hinh thanh ving dan, tiép theo c6 thé ké dén sy
dong gop cua obitan N-p. Vung hda tri cua vat
lidu WGeaNs duoc tao thanh chi yéu nho vai tro
ctia obitan N-p va mot phan dong gop cua obitan
W-d.

3.3. Anh hwéng ciia bién dang lén tinh chit
dién tir

Nhu chiing ta da biét, cac tac dong bén ngoai
c6 thé lam thay ddi tinh chit dién tir cua vat liéu
2D. Céc cong trinh trudc day di chi ra ring dién
truong ngoai anh hudong dén khéi luong hiéu
dung ctia 1 trong trong don 16p InSe, din dén
lam thay d6i d6 linh dong cta n6 [19]. Ngoai ra,
dién truong con 1am thay doi cau triic ving ning
luong ciia vat lidu 2D, gay ra su chuyén pha tir
ban din c6 ving cdm thang sang ban din c6
ving cAm xién, hodc tir ban dan sang kim loai [3,
20]. Bén canh dién trudng, bién dang ciing duoc
xem 13 mot trong nhing cach phé bién dé diéu
chinh tinh chét dién tir ctia cac hop chat don 16p.
CAu trac vung nang lugng dién tir, d0 rong vung
cAm phu thudc 16n vao cuong do cua bién dang.
Bién dang ciing c6 thé gay ra su chuyén pha, lam
thay ddi cac ddc trung dién tir trong don 16p 2D
[21, 22]. Khi bi bién dang, céu truc tinh thé cua
vat liéu bi thay doi, dic biét 1a chiéu dai lién két
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hoa hoc giita cac nguyén tir trong vat liéu. Diéu
nay lam cho nang lugng nhdy nut gilta cac
nguyén tir ciing thay doi theo. Pay 1a mot trong

nhiing nguyén nhan chinh lam cho cac dac trung
dién tir cia vat liéu thay doi khi bi bién dang.
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Hinh 4. Mat do trang thai riéng phan (PDOS) cua don 16p MGe2Ns (M = Mo, W).

Trong phan ndy, ching t6i nghién ctru anh
hudng cua bién dang 1én cac tinh chat dién tir cia
don 16p MGezN4 (M = Mo, W). Bién dang phang
¢b 14 bién dang nén hoic kéo dong thoi theo hai
hudng x va y. Do bién dang e, dugc dinh nghia
nhu sau:

g, = —22.100%, (1)

Ao

trong d6, ao va a lan luot 1a hang s6 mang ¢ trang
thai co ban va ¢ trang thai bién dang. e s& c6 gia
trj duong néu bién dang 1a kéo va nguoc lai. O
day, cac don 16p MGez2Ns (M = Mo, W) duoc
chung t6i khao sat trong khoang bién dang tir -
6% dén 6%.



18 V& Thi Tuyét Vi, Lé Viin Himg,... | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 04(65) (2024) 12-20

Bién dang nén Bién dang kéo
@) 4 & =—6% €, =—4% &,=—2% &, =1+2% &, =+4% € =16%
2 N\]
SR S LAY LY s
© 2 A\ <
o 1
£,
';o = b / ./ pe”]
8
Z

%\

e

B
S SRS X

a

(
/ 20 SON

4 \ V]

L/
NG NI N

Nang lugng (eV)

<¢ N 2N

O &

P54

T M K L I M K | I B M K

N\

e Jayieh

WNEZRNANDZ

|1 |~
Ve M K B B M K rr M K r

Hinh 5. Anh huong ciia bién dang 1én cdu tric ving nang lugng ciia don 16p MGe2N4 (M = Mo, W).

Hinh 5 trinh bay cdu trac ving ning lugng
dién tir cua hai don 16p MoGe2Ns va WGezN4
khi chiu tic dong cua bién dang. Két qua tinh
toan clia chung toi cho thdy rang bién dang c6
anh huong dén ciu tric ving ning luong dién
tu, dac bi¢t 1a do rong vung cam. Hinh 5(a) cho
thdy bién dang nén lam cho ving dan tién ra xa
mirc Fermi, dan dén viéc ting gid tri ning lugng
vung cAm cta hop chat MoGezNa. Tuy nhién, vi
tri cia VBM va CBM khong bi thay ddi trong
khoang bién dang tir 6% dén 0. Nguoc lai, bién
dang kéo c6 xu huéng lam dich chuyén ving dan
lai gin muc Fermi nén d6 rong ving cim cua
don 16p MoGe2N3 bi thu hep. Ving hoa tri ¢ 1an
can vi tri cia VBM bi uén cong 10 rét khi cuong
dd bién dang kéo cang lon. Méc du vy, vi tri cia
VBM va CBM duéi tac dong cua bién dang kéo
van giit nguyén tai cac diém nhu & trang thai co
ban, d6 d6 dac trung ban dan vung cAm xién van
khong bi thay doi. Hinh 5(b) trinh bay sy bién
dbi cau truc ving nang luong dién tir ciia don 16p
WGez2N; khi c6 mit bién dang. Cac két qua néu
trén d6i v6i don 16p MoGezN4 ciing dung d6i véi

don 16p WGe2N4 khi n6 chiu tac dong ctuia bién
dang phang ep.

Sy phu thudc cua do rong vung cdm vao
cuong do bién dang ctia cac don 16p MGezNs (M
=Mo, W) dugc mé ta & Hinh 6. Két qua tinh todn
ctia chiing t6i cho thiy rang xu huéng thay doi
gia tri nang luong ving cam theo cuong do bién
dang cua hai hop chat MoGe;Ns va WGe;Ns 1a
twong tu nhau. Hinh 6 chi ra ring bién dang nén
lam tiang d6 rong ving cdm con bién dang kéo
lam giam d¢ rong ving cdm. Trong toan mién
bién dang, sy chénh léch giira gia tri ving cim
16n nhit va gia trj ving cAm nho nhat trong
MoGezNs va WGez2N4 lan lugt 1a 1,58 eV va 1,63
eV. Nhu vy duéi tac dong ciia bién dang phang,
nang luong ving cAm cta don 16p WGezN4 bi
thay d6i nhiéu hon so voi don 16p MoGezNa.
Viéc diéu chinh dé dang d6 rong ving ciAm bang
bién dang lam cho cac hop chit 2D MGezN4
(M = Mo, W) ¢6 tiém ning tng dung trong cac
thiét bi co-dién tir nano.
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Hinh 6. Su phu thugc d6 rong ving cam vao bién dang cua don 16p MGezN4 (M = Mo, W).

4. Két luén

Bang phuong phap 1y thuyét phiém ham mat
d9, chung t61 da nghién ctru cAu truc, do 6n dinh
va cac tinh chit dién tir cua cac don 16p hai chiéu
MGezNz (M = Mo, W). Két qua tinh toan da chi
ra rang hai don 16p MGezN4 (M = Mo, W) ¢c6
cAu trac 6n dinh vé mat dong hoc va c6 kha nang
tong hop bang thuc nghiém. Hai phiém ham
PBE va HSE06 déu cho thay hai don 16p nay la
cac ban dan c6 ving cAm xién. D6 rong vung
cAm ctia MoGezNg 14 1,12 eV (theo PBE) hoic
1,43 eV (theo HSE06), va ciia WGezN4 1a 1,32
eV (theo PBE) hoac 1,72 eV (theo HSEQG).
Chuing t6i cling da tinh toan sy dong gop cua cac
obitan nguyén tir 1én viéc hinh thanh cau trac
vung nang luong. Ngoai ra, anh hudng cua bién
dang 1én cac tinh chat dién tr cua cac don 16p
MGe2N4 cling dugc khao sat. Céc tinh todn da
chtrng minh rang bién dang phang 1am bién dbi
ciu triic ving nang luong dién tir. PO rong vung
cdm ciia MGezN4 ciing bi thay doi dang ké khi
c6 mat bién dang. Cac két qua thu duoc chi ra
trién vong ing dung cua céc vat liéu hai chiéu
MGez2N4 (M = Mo, W) trong céc thiét bi dién tir.

Loi cam on: Nghién ctu nay duogc tai trg boi
Truong Pai hoc Y - Duoc, Pai hoc Hué trong dé
tai ma s 03/23.

Tai liéu tham khao

[1] Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang,
D., Zhang, Y., Dubonos, S.V., Grigorieva, 1.V,
Firsov, A.A. (2004). “Electric field effect in
atomically thin carbon films”. Science, 306, 66.

[2] Lugovskoi, A.V., Katsnelson, M.I., Rudenko, A.N.
(2019). “Strong electron-phonon coupling and its
influence on the transport and optical properties of
hole-doped single-layer InSe”. Phys. Rev. Lett., 123,
176401.

[3] Poklonski, N.A., Vyrko, S.A., Siahlo, A.l,
Poklonskaya, O.N., Ratkevich, S.V., Hieu, N.N.,
Kocherzhenko, A.A. (2019). “Synergy of physical
properties of low-dimensional carbon-based systems
for nanoscale device design”. Mater. Res. Express,
6(4), 042002.

[4] Yuan, J., Chen, Y., Xie, Y., Zhang, X., Rao, D., Guo,
Y., Yan, X., Feng, Y.P., Cai, Y. (2020). “Squeezed
metallic droplet with tunable Kubo gap and charge

injection in transition metal dichalcogenides”. Proc.
Natl. Acad.Sci. U.S.A, 117, 12, 6362.

[5] Vi, V.T., Hieu, N.N., Hoi, B.D., Binh, N.T., Vu, T.V.
(2020). “Modulation of electronic and optical
properties of GaTe monolayer by biaxial strain and
electric field”. Superlattices and Microstructures,
140, 106435.

[6] Lu, A-Y, Zhu, H., Xiao, J., Chuu, C-P, Han, Y., Chiu,
M-H, Cheng, C.C., Yang, C.W., Wei, K-H, Yang, Y.,
Wang, Y., Sokaras, D., Nordlund, D., Yang, P.,
Muller, D.A., Chou, M-Y, Zhang, X., Li, L-J. (2017).
“Janus monolayers  of  transition metal
dichalcogenides”. Nat. Nanotechnol., 12, 744.

[7] Zhang, J., Jia, S., Kholmanov, 1., Dong, L., Er, D.,
Chen, W., Guo, H., Jin, Z., Shenoy, V.B., Shi, L., Lou,
J. (2017). “Janus monolayer transition-metal
dichalcogenides”. ACS Nano., 11(8), 8192.



20 V5 Thi Tuyét Vi, Lé Van Himg,... | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 04(65) (2024) 12-20

[8]1 Vu, T.V., Vi, V.T.T., Nguyen, C.V., Phuc, H.V., Hieu,
N.N. (2020). “Computational prediction of electronic
and optical properties of Janus Ga;SeTe monolayer”.
J. Phys. D: Appl. Phys., 53(45), 455302.

[9] Vu, T.V., Vi, V.T.T., Phuc, H.V., Kartamyshev, A.l.,
Hieu, N.N. (2021). “Oxygenation of Janus group IlI
monochalcogenides: First-principles insights into
GaIlnXO (X =S, Se, Te) monolayers”. Phys. Rev. B.,
104, 115410.

[10] Hong, Y-L, Liu, Z., Wang, L., Zhou, T., Ma, W., Xu,
C., Feng, S., Chen, L., Chen, M.L., Sun, D.M., Chen,
X-Q, Cheng, H-M, Ren, W. (2020). “Chemical vapor
deposition of layered two-dimensional MoSi2N4
materials”. Science, 369, 670-674.

[11] Wang, L., Shi, Y., Liu, M., Zhang, A., Hong, Y-L.,
Li, R., Gao, Q., Chen, M., Ren, W., Cheng, H-M., Li,
Y., Chen, X-Q. (2021). “Intercalated architecture of
MA.Z, family layered van der Waals materials with
emerging topological, magnetic and superconducting
properties”. Nat. Commun., 12, 2361.

[12] Kresse, G., and Furthmiiller, F. (1996). “Efficient
iterative schemes for ab initio total-energy
calculations using a plane-wave basis set”. Phys. Rev.
B., 54, 11169.

[13] Kresse, G., and Furthmiiller, F. (1996). “Efficiency of
ab-initio total energy calculations for metals and
semiconductors using a plane-wave basis set”.
Comput. Mater. Sci., 6, 15.

[14] Perdew, J.P., Burke, K., Ernzerhof, M. (1996).
“Generalized gradient approximation made simple”.
Phys Rev Lett., 77(18), 3865.

[15] Heyd, J., Scuseria, G.E. (2004). “Efficient hybrid
density functional calculations in solids: Assessment
of the Heyd—-Scuseria—Ernzerhof screened Coulomb
hybrid functional”. J. Chem. Phys., 121, 1187-1192.

[16] Grimme, S. (2006). “Semiempirical GGA-type
density functional constructed with a long-range
dispersion correction”. J. Comput. Chem., 27(15),
1787-99.

[17] Bengtsson, L. (1999). “Dipole correction for surface
supercell calculations”. Phys. Rev.B., 59, 12301.

[18] Nosé, S. (1984). “A unified formulation of the
constant temperature molecular dynamics methods”.
J. Chem. Phys., 81, 511.

[19] Wang, X.P., Li, X.B., Chen, N.K., Zhao, J.H., Chen,
Q.D., Sun, H.B. (2018). “Electric field analyses on
monolayer semiconductors: the example of
InSe”. Phys. Chem. Chem. Phys., 20(10), 6945-6950.

[20] Vu, T.V., Vi, V.T., Phuc, H.V., Nguyen, C.V.,
Poklonski, N.A., Duque, C.A, ... & Hieu, N.N.
(2021). “Electronic, optical, and thermoelectric
properties of Janus In-based monochalcogenides”. J.
Phys.: Conden. Matter, 33(22), 225503.

[21] Vi, V.T.T., Linh, T.P.T., Nguyen, C.Q., Hieu, N.N.
(2022). “Tunable electronic properties of novel 2D
Janus MSiGeNs (M = Ti, Zr, Hf) monolayers by
strain and external electric field”. Adv. Theory Simul.,
5, 2200499.

[22] Vi, V.T., Hoi, B.D., Nguyen, C.Q., Hieu, N.N.
(2023). “Anisotropic crystal structure and high
electron mobility of novel ternary Janus PeXY
Monolayers (X/Y= S, Se, Te): First-Principles
Examinations”. Adv. Theory Simul., 6, 2300471.



