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ABSTRACT

We use density functional theory based on tight-binding (DFTB) to study
the electronic structure of penta-silicene nanoribbons with different
bandwidths. The penta-silicene series created by cutting from the penta-
silicene film after relaxing, we obtain four types of edges: sawtooth (SS),
zigzag - zigzag (ZZ), armchair - armchair (AA), zigzag - armchair (ZA).
However, penta-silicene is not stable. The kinetic stability of penta-
silicene is restored by hydrogen bonding to the surface. The results of the
boundary energy calculations showed that forming a penta-silicene series
from the 2D film is potential. In addition, the binding energy calculation
shows that the SS boundary form has the most stable structure. The
electronic structure of penta-silicene was checked and found that all
boundary forms have band gaps, and as the band-width increases, the
band gap decreases.

TOM TAT

Ly thuyét phiém ham mét @6 dwa trén lién két manh (DFTB) dwoc sir dung
dé nghién citu cdu tric dién tir ciia ddy penta-silicene véi do réng day
khdc nhau. Ddy penta-silicene tao ra bang cach cdt tir mdng penta-
silicene sau khi hoi phuc, bon logi bién thu dwoc gom: rang cua (SS),
zigzag - zigzag (ZZ), armchair - armchair (AA), zigzag - armchair (ZA).
Tuy nhién, pentasilicene khéng on dinh. Sy 6n dinh dong hoc cia penta
—silicene dwoc khéi phuc lai bang cach gdn Hidro Ién bé mat. Qua két qua
tinh toan nang luong bién, viéc hinh thanh ddy penta-silicene tir mang 2D
la kha thi. Thém vao dé, diea trén tinh todn nang lwong lién két, dang bién
SS ¢6 cdu triic on dinh nhat. Cau tric dién tur cua penta —silicene ciing
dugc nghién ciu, két qua la tim thdy dwoe tat ca dang bién déu ton tai
viing cam va khi dg rong day tang 1én thi dé rong vimg cam gidm.
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1. GIOI THIEU

Sau khi tim thdy vat liéu 2 chiéu (2D) graphene
vao nam 2004 (Li et al., 2015) thi vat liéu nay trd
thanh chi d¢ quan tdm ctia cac nha nghién ctru khoa
hoc. Tuy graphene duoc nhan dinh la vat liéu mong
nhét, cng nhit co thé do dugc luc ay (Geim, 2009)
nhung graphene khong ton tai viing cam (Novoselov
et al., 2016; Rajbanshi et al., 2016). Khi d6, mot vat
liéu 2D khéac duoc tim théy va duoc dat nhidu ki
vong d6 1a silicene bai vi né ¢6 thé twong thich véi
cong nghé ban dan dya trén silicon (Gao et al.,
2013). Thé nhung, mot 1an nita, silicene cling khong
ton tai ving cam (Cahangirov et al., 2009; Qiao et
al., 2017). D6 1a mot han ché I6n dbi véi silicene vé
mit tng dung. Cac phuong phap dé cai thién do rong
viing cam cua silicene da duoc ap dung va mang lai
hiéu qua nhu: chtrc hoa bé mat silicene bang nguyén
te Hidro (H), Flo (F) va nhom CHs [8]; ap dién
treong ngoai (Drummond et al., 2012; Zaminpayma
& Nayebi, 2016). Gan day, phuong phap tim dang
c4u trac khac cua silicene ciing 1a hudng di méi va
da dat duoc két qua nhu ki vong. Hai dang ciu trac
khac cua silicene da duoc khao sat do la tetra-
silicene (vong bbn) co do rong ving cam 0,19 eV
(Qiao et al., 2017) va penta-silicene (vong nam) co
do rong vung cdm 0,57 eV (Wu et al., 2019). Pdng
thoi, Cau trac vong chin la dang thuong gap, trong
khi d6 céu tric vong nam la dang hiém gap vi thé
ciu tric nay cang gy hing tha cho cac nha nghién
cau (Wu et al., 2019). Penta-silicene da dugc khao
sat vé mat cau triic mang, tinh chét dién tu nhung
chwa c6 nghién ctru nao khao st chi tiét vé cau triic
va tinh chdt cua diy penta-silicene. Vi thé, viéc
nghién ctru nham muc dich tim hiéu cac dang day
nano c6 thé tao duoc tir mang ciing nhu tinh chat
dién t ctia chung.

2. PHUONG PHAP NGHIEN CUU

Phuong phép ly thuyét phiém ham mat 4o dua
trén lién két manh (DFTB) 1a phuong phap gan dang
hoéa hoc lugng tir bit nguon tir ly thuyét phiém ham
mat d6 (DFT) dua vao khai trién bac hai cua biéu
thirc tong nang lugng DFT. Bang cach chon mat do
tham chiéu p, nhu mét sy chong chét cia mat do
nguyén tir trung hoa pg, Vi p, =Y p;, két qua

nhan dugc
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C, la cac h¢ sb bién thién giam thiéu nang

lugng. Viéc mg rong LCAO bién doi (2) trong mot
hé thong dai s6 cho cac hé so bién thién

Z\,Cvi(Hpv _Sispv) =0. (4)
Trong do, H,, = HﬁU +ES“U (yac + 5 )Aqg
a,p
va
8}rlguyén tlt tu do trung hoa p=ve A
HY, =(0,|Fo|o,) =1(0} [Hs|0l)  a=p ()
0 con lai

Sy = <(pu (pv> 1a ma trén chéo héa. Céc phan tir
ma tran Hamilton phu thudc vao dién tich Mulliken
g, ma 1an luot phu thudce vao cac hé sé quy dao phan
td C
tu nhét quan.

do d6 cac phuong trinh nay phai duoc giai

vi 1
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Ming penta-silicene co céu tric ngil gidc voi 6
o s& gom sau nguyén tir Si, trong d6 ¢6 hai nguyén
Si phdi vi 4 (Si1) va bon nguyén tir Si phdi vi 3 (Siy)
nhu Hinh 1a.

Ming penta-silicene khong ton tai céu trac
phing ma co dang buckling véi hai nguyén tir Si,
léch vé phia duéi va hai nguyén tir Siy léch vé phia
trén so voi mat phang chta cac nguyén tir Siy, do
buckling theo mdi huéng cé gia tri 1 A. Do dai lién
két giita cac cap Sii-Si, va Sip-Siz c6 gia tri lan luot
122.36 A va 2.24 A va goc lién két Siy-Sip-Sip =
111° va Sis- Sip-Siy = 112° (Ding & Wang, 2015).
Tuy nhién, cac nghién ctru tredc nhan dinh mang
penta-silicene khong on dinh nén di c6 mot so
nghién ciru tién hanh gén Hidro nhu Hinh 1b (Ding
& Wang, 2015) hoic gin Flo nhu Hinh 1c (Wu et
al., 2019) 1én nguyén tir Si, dé ting tinh 6n dinh cua
mang. D3y nano cua penta-silicene dugc tao ra tur
viéc cat mang theo hudéng khac nhau dé thu dugc cac
day véi dang bién khac nhau.

Hinh 1. Céu tric ciia mang penta-silicene (a), cAu triic mang penta-silicene gin Hidro (b), ciu tric
mang penta-silicene gan Flo (c)

M6 phong trong nghién ctru nay duoc thuc hién
trén phan mém DFTB+ v&i vu diém cé thé tinh cho
hé cau trac 16n va thoi gian mé phong dai.

3. KET QUA VA THAO LUAN

3.1. Céu tric ciia mang penta-silicene

Dura vao céac thong s6 dé cap phia trén, ching toi
tao nén cau tric mang penta-silicene ban dau va sau
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d6 dung DFTB+ chay hdi phuc thu dwoc ciu tric.
CAu trac cua mang duoc thé hién trong Hinh 2 va
Bang 1. Thong sé cdu tric trude va sau hdi phyc coa
mang penta-silicene.

Dé tao cac day penta-silicene (pSiNRs), mang
dugc cét theo hai huéng [100] va [010] nhu Hinh
3a. V6i hudng [010], 2 loai bién thu duoc la zigzag
(Z), armchair (A) va tuong tng thu dugc 3 loai day
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zigzag- zigzag (ZZ), zigzag-armchair (ZA),
armchair-armchair (AA) trong Hinh 3b — d; hudng
[100], két qua thu duoc 1a dang bién ring cua (S)
voi day SS nhu Hinh 3e. B9 rong cua day dwuoc ki
hiéu 1d ® dugc tinh bang tong s6 chudi va duong
dimer déi véi day ZZ, ZA, AA va tinh bang s6 chudi
ring cua doi voi day SS.

Ngoai ra, vi penta-silicene khéng 6n dinh nén
sau khi cit, ngoai viéc dong bién bang nguyén tir H, .
H con dugc gan 1én nguyén tir Si, dé tao lai hoa sp® Hinh 2. Cau tric mang penta-silicene sau khi
6n dinh hon. hoi phuc

Béng 1. Thong sé ciu triic mang penta-silicene trudc va sau khi hdi phuc

Théng s0 Théng s0 ban dau [11] DFTB
Buckling (A) 1.0 1.2
A v 1A X Sil-Siz =2.36 Sil-Sizz 2.35
bodailienket(A) i, sj,= 224 Sip-Siy = 2.32
Goc lien két Sil-Siz-Sil = 1120 Sil-Siz-Sil = 1070
Sil-Siz-Siz = 1110 Sil-Siz-Siz = 1080

y

Hinh 3. CAu tric ciia cac dang bién. Huéng cit tao diy nano tir mang penta-silicene (a), dang bién ZZ
(b), dang bién AA (c), dang bién ZA (d), dang bién SS (e)

Piu tién, dé dinh gia mic do hinh thanh cac ~ Nang luong bién Enen VE co ban cho bict can
dang bién, ning luong bién duoc tinh todn. phai ton nang lugng bao nhiéu dé tao bién tir
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mang 2D dugc xdc dinh theo cong thicC Epien=
EpSiNRs _(% ngE,p +%mH EH2 )/ZLO . Trong do,

E,snrs 12 tOng niang luong cia ddy nano, E,, 1a
téng nang lugng ciia 6 nguyén tir trong 6 co g, E,,
1a tong nang lugng cua phan tar Hidro, ng , m, 1a
s6 nguyén tu Silic va Hidro tuong tmg trong diy va
L, 1a hiang s6 mang di hdi phuc doc theo diy

Nang lugng bién (eV/A)
>
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(Rajbanshi et al., 2016). Cac két qua tinh toan Epien
Cua cac day véi d6 rong khac nhau dugc minh hoa
trong dd thi Hinh 4a. Trong mdi dang bién, khi do
rong day tang lén thi nang luong bién giam. Gia tri
ning luong bién ciia cac dang bién déu nho hon
ning luong bién ctia graphene vi thé Viéc tao bién tir
mang 2D 1a kha thi. Sap xép niang luong bién theo
thir tu ting dan Epien (SS) < Evien (ZZ) < Epien (ZA) <
Ebien (AA) cho thay ddy nano véi dang bién SS ton it
nang luong hinh thanh nhat.

——AA
—e—2ZZ
—— A
v S8

Nang lugng lién két (eV)

0.304 hay

~——

T T T T T T — — T
2 4 6 8 10 12 14 16 18
96 rong cia day

(b)

Hinh 4. P6 thi thé hién mdi quan hé giira ning lwong bién (a) va ning lwong lién két (b) theo cac d
rong khac nhau véi cac diy khac nhau cia penta-silicene

Ngoai ra, su 6n dinh cua day nano véi cac dang
bién khac nhau duoc danh gid dua vao ning luong
lién két Eg. Nang lugng lién két dugc tinh theo cong
thirc EB = (EpSiNRs —Ng; ESi - mHEH )/(nsi +my ) trong
d6 E gyr, 14 tong ning luong trong supercell, Eg;
E,; ng; N, lan lugt 1a ning lugng cia mot nguyén
tr Si, ning lwong cua mot nguyén tir H, sé nguyén
te Si va H trong supercell (Yuan et al., 2017). Cac
ket qua tinh todn ndng luong lién ket dugc minh hoa
trong do thi Hinh 4b. Nang lugng lién két ciing giam
khi d¢ rong cua day nano tang I1én, tuc la day cang
rong thi cang 6n dinh. Di€u nay da duoc nhan thay
trong cac ddy nano c6 nguén goc tir mang 2D. Nang
luong lién ket sap xep theo chicu tang dan Es (SS) <
Eg (ZZ) < Es (ZA) < Eg (AA) cho thay day nano c6
bién SS 1a 6n dinh nhat giong véi két luan trong
penta — graphene.

3.2. CAu tric viung ning lwong va mit dd

trang thai

Céu tric ving nang lugng cua vat liéu s& cho biét
gia tri cia do rong ving cdm. Bang 2 1a gia tri do
rong ving cam cua cac day voi do rong khac nhau.
Dua vao bang, db thi duoc v& thé hién mdi quan hé
giita do rong ving cam va do rong diy nhu Hinh 5.
Dua vao d thi, d6 rong ving cim giam khi d6 rong
day nano tang 1én.
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Bang 2. P9 rong ving cAm cia cac diy véi do
rong khac nhau

Diy Do rong diy (o) Do rong viing cim (eV)

5 4119
9 3.858

AA 13 3.791
17 3.749

6 3.952

10 3.814

ZA 14 3.766
18 3.739

3 4.265

7 3.866

2z 11 3.789
15 3.753

3 4.655

4 4.468

5 4301

6 4.224

7 4119

ss 8 4.098
9 4.038

10 4.023

13 3.958

16 3.934

17 3.922
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Sy phu hop giita cau triic ving nang luong va
mat do trang thai (DOS) cia ddy ZZ (o =7), AA (©
=5), ZA (0 = 10) va SS (® = 8) duoc thé hién trong
Hinh 6. Trong cac day, mic nang lugng ¢ vung hoa
tri nhiéu hon vung dan tuong tng DOS c6 mat do
dién tor & vung hoa tri cao hon mat d6 di¢n tir ving
din. Bong thoi viing cam & cAu tric ving twong tng
Véi sy khong co6 mét cia mat do dién tir ¢ DOS.

Su dong gop dién tr vao DOS cta nguyén tu
Sibién va nguyén to Sitmng bien CUA dﬁy 77 ((D = 7), AA
(0 =15), ZA (0 = 10) va SS (® = 8) dwoc minh hoa
trong Hinh 7.

gz. Es4119eV
=
0\
— ——
——
— S
r X e 10 » %
oos

(b)

E=4.008 0V

(d)

Hinh 6. Céu tric ving ning lwgng va mét d trang thai cia diy ZZ (o = 7) (a), AA (0 =5) (b), ZA (o
=10) (¢) va SS (» = 8) (d)
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—DOS
~—— Si_trong bién
—— Si_bién

2
E (eV)

(d)

Hinh 7. Sy déng gop cia nguyén tir Sibien VA nguyén ti Sitrong bien Va0 DOS ciia day ZZ (o = 7) (a), AA
(®=5) (b), ZA (® =10) (c¢) va SS (0 = 8) (d)

Mat do trang thai riéng phan PDOS cua diy ZZ
(0=7)vaZA (o = 5) SS (0 = 8) déu cho thay su
dong ctia mat do dién tir Siiong vien Vao DOS cao hon
Sibien 0 €& ving dan va ving hoa tri nhu trong Hinh
7a, Hinh 7¢, Hinh 7d, Hinh 7b, d6 thi PDOS cua day
AA (® = 5) thé hién 13 sy déng gop cua nguyén tir
Sibien chiém wu thé ¢ ving dan va ving hoa tri.

Ngoai ra, sy dong gop cla cac nguyén tir Si quy
dao p (Sip), nguyén tir Si quy dao s (Sis) va nguyén
ta H quy dao s (Hs) ctia day ZZ (o =7), AA (0 =5),
ZA (o = 10) va SS (o = 8) dwoc thé hién trong
Hinh 8.
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Dua vao Hinh 8, ¢ vung hoa tri cia day ZZ (o =
7), AA (0 = 5), ZA (o = 10) va SS (o = 8) déu ¢
sy dong gop mat d6 dién tir cia nguyén tir Sip vao
DOS 14 cao nhat, sy dong gop cta nguyén tir Hs ting
dan khi ra xa dinh ving hoa tri con sy dong gop cua
nguyén tir Sis thi khong dang ké. O viing dan cua cac
day ZZ (0 =7), AA (0 =5), ZA (0 = 10) va SS (®
= 8) cling c6 déac diém tuong tu nhau, & khu vuc gan
day vung dan thi sy déng gop cuia nguyén tir Sis cao
hon sy dong gop ctia nguyén tir Sip. Tuy nhién, khi
ra xa ddy ving dan thi sy dong gop clia nguyén tir
Si, chiém uu thé va sy dong gop Sis giam dan, trong
khi d6 sy dong gop dién tir cia nguyén ti Hs vao
DOS khong dang ké.
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——DOS
—Si s
—Si_p
— 8

2
E (V)

(©)

2
E (eV)

(d)

Hinh 8. Sw dong gop ciia nguyén tir Sip, Sis va Hs vao DOS ciia diy ZZ (o = 7) (a), AA (o =5) (b), ZA
(®=10) (c) va SS (0 =8) (d)

4. KET LUAN

Béng phuwong phap DFTB céu trac dién tir cua
day penta-silicene don 16p da dugc khao sat vai cac
diy ZZ,ZA, AA va SS théng qua cdu tric ving ning
lugng va mat do trang thai. Tt Kkét qua mo phong,
c6 thé thay, tat ca cac diy déu ton tai do rong ving
cAm va do rong ving cam ti 16 nghich véi do rong
day nano. Dua trén két qua nay, cach chtrc ning hoa
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