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Tom tat

Bai b4o nay trinh bay nhitng két qua nghién cizu sw 1am lagnh silicene hai chiéu
bang md phong MD véi mdu gom 6400 nguyén tiz. Silicene sau khi nong chay dén 3500K
duwroc cho 1am lgnh véi tée dg 10°K/s vé nhiér do 300K. Khao sét su phu thugc cia néing
lirong vao nhiét dg cho thdy c6 sw nhay budc cia nang hrong toan phan trung binh cia
silicene nong chay ¢ nhiér dg T=1772K. Cac khao sat vé ham phan bé xuyén tam g(r),
phan bd sé phdi vi, phan bo vong, phan bé géc lién két déu cho thdy nhiér @ chuyén pha
léng — ren cua silicene vao khodng 1772K. Khi ngugi dén 300K, silicene ¢ dang tinh thé,
tuy nhién van ton tai cac sai héng mang véi ty 1€ Ién, nd chiém gan 37.5%.
Tar khoa: silicene; mé phong, dong luc hoc phan ti
Abstract

STUDYING THE STRUCTURE AND THERMODYNAMIC PROPERTIES
OF 2-DIMENSIONAL SILICENE MATERIALS WHEN COOLED QUICKLY
BY SIMULATING MOLECULAR DYNAMICS

This paper presents the results of two-dimensional silicene cooling studies by MD
simulation with a sample of 6400 atoms. Silicene after melting to 3500K, it is cooled at
a rate of 10"K/s to a temperature of 300K. Investigation of the dependence of energy
on temperature shows a jump in the average total energy of molten silicene at the
temperature T = 1772K. Investigations on the radial distribution function g(r),
coordinate number distribution, ring distribution, and angular distribution all show that
the freezing temperature of silicene is about 1772K. When cooled to 300K, silicene is in
crystalline form, but the ratio of the defects is quite high and about 37.5%.

1. Mé dau
Sau kham phé ra graphene, mot dang thi hinh mai 2 chiéu cua céc bon (C) va
duoc trao giai thudng Nobel vao nam 2010 cua hai nha vat ly nguoi Nga la Andrei
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Geim va Konstantin Sergeevich Novoselov, cac nha khoa hoc bat dau nghién ciru cac
dang vat liéu hai chiéu tuong ty nhu: Si 2D, Ge 2D,... vi kha nang cho cac tng dung
méi rat hip dan cua ching. Trong khi vat liéu Silicon ba chiéu duoc biét tir 1au trong vat
ly véi nhitng trng dung quan trong trong ky thuat dién tir nhung loai vat liéu silicon hai
chiu thi chwa duoc nghién ciru nhidu. Su ton tai cua silicon 2 chiéu di duoc tién doan
ly thuyét vao nam 1994 (Takeda K and Shiraishi , 1994), va dugc nghién cuu lai sau do
va dugc dat tén la silicene vao nam 2007 bdi Guzman-Verri va cong su (2007). Tuong
tu nhu graphene, silicene ciing c6 nhiéu (ng dung tiém nang, chang han, tng dung trong
céc thiét bi quang dién va quang dién t¢ (Ming Hu, Xiaoliang Zhang, va Dimos
Poulikakos, 2013), ché tao pin ning lugng Mat troi (Bing Huang, Xiang va Su-Huai
Wei , 2013) va luu trit hydro (Deepthi Jose va Ayan Datta, 2011). Mét loi thé cua vat
liéu silicene so véi cac vt liéu 2D khéc 1a n6 d& dang két hop voi cac vat liéu nano dua
trén silicon. Bocchetti va cong su (2014) mé phong qua trinh ndng chay cua silicene
bang phuwong phap Monte Carlo v4i phién ban goc va phién ban cai tién caa bo tham sé
thé Tersoff (dugc goi 1a ARK) cho nguyén ti silicon. Két qua cho thay nhiét d6 chuyén
pha la 3600K va 1750K tuwong ung. Str dung truong luc phan khang (Reactive force -
field), Berdiyorov va cong su (2014) dd mé phong tac dong cua khuyét tat dbi vai su on
dinh nhiét cua silicene bang mé phong MD va thay rang silicene nguyén chét 6n dinh
dén 1500K. Tjun Kit Min va cong su (2018) ciing da nghién ctru qua trinh ndng chay
cua silicene bang md phong MD va thu dwoc nhiét do chuyén pha véi thé Stillinger-
Weber duogc toi vu hoa 1a 1500K. V& Vian Hoang va cong sy ciing ¢6 mot sé nghién cau
vé vt liéu silicene hai chiéu va thu duoc nhiét do chuyén pha tir néng chay thanh
silicen rin vao khoang 1775K (2014); cua silicene vo dinh hinh (a- silicene) vao khoang
1350K (2016), vao khoang 1950K cho nhiét do chuyén tiép két tinh va vao khoang
1350K cho nhiét do chuyén thuy tinh véi tetra - silicene (2019), vao khoang 1620K cho
P- silicene (2020). Mot cau hoi duoc dit ra 1a toe d6 gia nhiét anh huong dén nhiét do
chuyén tir trang thai ran sang long trong silicene nhu thé nao? Cong trinh nay trinh bay
két qua mo phong MD cua qua trinh nung chay silicene voi téc do 10K/s. Bai bao
duoc ciu tric nhu sau: trong phan 2, ching t6i trinh bay cac budc co ban dé md phong
va két qua; trong phan 3, chling tdi trinh bay két luan.

2. Céc tinh toan va két qua mo phéng

M6 hinh md phong duoc thiét ké nhu sau: mé hinh gom c6 6400 nguyén ti Si, mo
hinh duoc 1am lanh theo ché @6 NPT, bién tuan hoan, thé sir duoc dung 1a thé Stillinger-
Weber (SW), né chira cac sé hang 2 hat va sé hang 3 hat véi 1 tham sé khong thir
nguyén A kiém soat cuong do twong ddi giira chiing nhu sau [13]:

U :Z Zuz(rij)“‘/lz Z ZU:%(rij’rik’eijk) (1)

TS T A ko

S6 hang 2 hat gdm mot luc day & khoang cach rat ngin, va mot luc hat & khoang

céch ngan:
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S6 hang thir hai 1a tng cua tat ca cac bo ba cua twong tac 3 vat dang:

U, (8 5. 6y) = £[cos 6, —cos6, el . ‘TM)exp(rik 7)o

Dau tién, md hinh sau khi da nung chay dén nhiét d6 3500K duoc hdi phuc (relax)
trong 5.10% buéc md phong, két qua cho thay xay dung mé hinh nhu vay 1a én dinh vi
thé tich va nhiét do on dinh. Sau d6, chét long Si duoc 1am lanh tir 3500K xubng 300K
véi tée do 10"°K/s gdm 320 nghin buéc md phong, 1am lanh theo ché do NPT. Pay 1a
téc @6 1am lanh tuong d6i nhanh va ching ta hi vong s& con thu duoc Si dang tinh thé.
Chuing t6i dung phan mém LAMMPS dé chay mé phong MD, phan mém ISAACS dé
tinh phan b vong va phan bé goc, phan mém VMD cho hinh anh ciu hinh nguyeén tu.

2.1 Khdo sdt twong quan giita ning lwong todn phan trung binh trén mgt
nguyén te va nhigt dg

Trong phan 2.1 nay, nhiét d6 chuyén pha long — ran cua silicene duoc tim thiy
qua hinh 1 vé sy phu thugc cia dong ning toan phan trén mot nguyén tir cia mod hinh
theo nhiét @6 cua mé hinh.
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Tir hinh 1, ¢6 thé thdy & nhiét d6 2264K dudng biéu dién di léch khoi tiép tuyén,
tai nhiét 6 thap hon 1279K duong biéu dién ciing 1éch khai tiép tuyén, nhiét do chuyén
pha 14 trung binh cua hai nhiét do nay, tac 1a nhiét do 1772K. Nhiét do chuyén pha nay
ciing khac it voi nhiét do chuyén pha silicene khi 1am lanh véi tde do 10'°K/s caa nhém
nghién cuu cta Vo Vian Hoang va cong su la 1775K (Van Hoang Vo and Huynh Thi
Cam Mi, 2014).

2.2 Khdo sat ham phan bé xuyén tam g(r)

Dd thi ¢ hinh 2, biéu didn ham phan bé xuyén tdm & cac nhiét do khéac nhau trong
qua trinh 1am lanh silicene.
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Hinh 2. Su phu thugc nhiés @6 ciia ham phan bé xuyén tam

Tir d6 thi ta thay, & khoang nhiét do tir 3500K dén duéi 1780K da xuét hién thém mot
dinh phan bb nguyén tir nira. G nhiét do 1770K (gan nhiét do chuyén pha), cé su xuat hién
nhiéu dinh trong ham g(r) ching to xuét hién qué trinh hinh thanh tinh thé. Két qua nay
cang cb két qua trén cho thay nhiét d6 chuyén pha vao khoang 1772K. Tir nhiét d chuyén
pha tré Vé sau, cac dinh hinh thanh nhiéu va rd rét hon. O nhiét d6 300K, db thi c6 nhiing
dinh nhon roi rac, chtng to silicene tinh thé da hinh thanh trong mé hinh.

2.3 Khdo sat ham phan bé phéi vi

Céc db thi & hinh 3 biéu dién phan b phédi vi & cac nhiét 6 khac nhau 3500K;
1770K va 300K.
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Tai T=3500K, khong
c6 su xuat hién cua cac gia tri
phdi vi 16n hon 8. Cac gia tri
phdi vi 2, 3, 4, 5, 6, 7 ¢6 su
phan b khong déu. Cac phdi
vi 3, 4 chiém ti 1¢ lan luot 1a
38.92% va 46.69%. Bén canh
do, phdi vi 2, 5, 6 lan luot
chiém ti 18 nho lan luot 1a
1.55%, 11.91% va 0.812%. G
nhiét d6 gan véi nhiét do
chuyén pha, T= 1770K, phéi
vi 4 ¢6 xu hudng giam voi
31.57%, nguoc lai s6 phdi vi
3 lai tiép tuc ting, dat ti Ié
65.01%. O 300K, phdi vi 4
giam xudng ti ¢ 4.87% phdi
vi 3 tang lién tuc, dat ti I¢
94%, phéi vi 2 c6 gia tri nho,
vao khoang 1.14%. Céc phdi
vi con lai bién mat.

Hinh 3. Phan bé phdi vi &
cac nhiét do 3500K; 1770K
va 300K
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2.4 Khdo sét si phan bé vong

Cac dd thi & hinh 4 biéu dién phan bd vong & cac nhiét do khac nhau 3500K;
1770K va 300K.

O nhiét 6 3500K, vong 3 chiém da sb, véi ti 16 39.04%. Cac vong 4, 5, 6
chiém ty 1& 24.09%, 23.05%, 10.27% tuong (rng. Cac vong 7, 8, 9, 12 chiém céc
ty 18 rit nho, khong dang ké. Tai nhiét d6 T= 1770K, vong 3 c6 xu hudéng giam
dan va dat 8.86%, vong 6 ting nhanh va dat dén 26.89% tai nhiét do chuyén pha.
Tai T= 300K cac vong 3, 4, 5 tiép tuc giam manh, vong 6 ting vot va chiém wu
thé, dat ti 1 62.50%.
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Hinh 4. Phan bé vong o c4c nhigt
do 3500K; 1770K va 300K =

S6 vong
C.

2.5 Phan bé vong trung binh
D thi hinh 5 biéu dién phan b vong trung binh theo nhiét do.



Tap chi Khoa hoc Pai hoc Thii Ddu Mot S0 4(47)-2020

C4c gia tri cua vong trung binh dao dong ¢ khoang tir 4.15 trude chuyén pha.
Ngay nhiét do chuyén pha, vong trung binh su thay d6i nhay vot. Sau chuyén pha, vong
trung binh khéng thay d6i nhiéu, c6 gia tri nam trong khoang 5.41. Gia tri vong trung
binh c¢6 xu hudng tang khi giam nhiét d6 tir 3500K dén 300K. VVong trung binh dat gia
tri 6 khi & nhiét do gan 300K.
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Hinh 5. Si phu thugc nhiéz dé cia phan bé vong trung binh

2.6 Khdo sat phan bé gac lién két

Céc db thi & hinh 6 biéu dién phan bé goc lién két & cac nhiét dd khac nhau
3500K; 1770K va 300K.

O 3500K, gac lién két Si - Si - Si phan bd cha yéu trong khoang 53°-168°.
Puong biéu dién co su bién dong lién tuc. Ti 1¢ caa gia tri goc Si-Si-Si ting giam
lién tuc, n6 tap trung nhiéu nhat tai gia tri 108.5°, chiém 1.10%, tuy nhién dinh
chua hinh thanh r3. Tir gid trj goc 121°, cac goc c6 xu hudng giam déu khi nhiét
d6 giam, dinh cua duong biéu dién cang hién rd. O nhiét do 1an can véi nhiét do
chuyén pha 1770K, dinh cua duong biéu dign hinh thanh nhon hon, dat cuc dai
tai 116,52° véi ti 1¢ 1,68%. O nhiét do 300K gid tri goc lién két phan bd thu hep
lai trong khoang 51.47 dén 179.63, dat ti 1¢ cao nhét la goc lién két co gia tri
119.46° n6 chiém 3.87 %. Nhu vay, dinh ciia duong biéu dién cé su thay doi do
16n va ti 18, n6 c6 xu hudng dich chuyén vé bén phai khi giam nhiét do.
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Hinh 6. Do thi phan bé géc ¢ cac nhiér do 3500K; 1770K va 300K
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2.7. Khdo sat ham phan bé khodng cach gi#a cac nguyén ti
Cac do thi & hinh 7 biéu dién phan bd khoang cach ¢ cac nhiét do khac nhau

3500K; 1770K va 300K.
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Sy thay ddi khoang céch & céc nhiét do trudc chuyén pha tir 3500K dén 1770K
khong rd rét. O nhiét d6 300K phan bé khoang cach giira cac nguyén tir ¢d sy thay doi
trong khoang tir 0.1-0.2(A).

2.8 Phan bé g6c trung binh

Dd thi ¢ hinh 8 biéu dién sy phu thudc cua phan bb goc trung binh theo nhiét do,

cho chiing ta mot cai nhin toan canh vé su thay doi cua goc lién két trung binh theo
nhiét do.
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Hinh 8. S phu thugc vao nhiér dg cia phan bé goc trung binh.
Cac gia tri cua goc trung binh dao dong ¢ khoang 110.67 trudc chuyén pha. Sau
chuyén pha, gia tri nay ¢ khoang 117.25. Khi giam nhiét d¢ tir 3500K xudng con 300K,
goc trung binh c6 xu hudng tdng khong lién tuc.

2.9 Cdu hinh silicene tryc quan

Hinh anh truc quan cau hinh silicene & nhiét d6 300K nhu hinh 9 dudi day. C6 thé
thdy ring véi toe do 1am lanh 10™K/s, silicene tao thanh tinh thé hai chiu vai phan I6n 14
vong 6, chiém ti 1 62,5%, cc sai hong mang nhu tao cac vong 7, 8, vong 5, ciing chiém
moét ti 1& kha cao. Céc sai hong kiéu nhap vong nhau ciing c6 xuét hién nhu: nhap 2 vong, 3
vong. Cac sai hong nay s& 1am cho d6 dan dién va nhiét cia silicene ting dang ké. Két qua
nay khac biét dang ké véi két qua thu duoc bai nhém caa V3§ Vian Hoang (2014), ciing 1am
lanh silicene tir 3500K xudng 300K nhung ty 1¢ sai hong mang dudi 3%. Diéu nay la do téc
d6 1am lanh trong cong trinh nghién ctu ciia nhém Vo Van Hoang (2014) 1a 2.10%°K/s thap
hon nhiéu so véi cong trinh ndy caa ching toi 1a 10K /s.
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Hinh 9. Céc sai héng mang dang dong 5, 7, 8, va nhdp vong xudt hién ¢ cdu hinh 300K

3. Két luan

Bai bao trinh bai cac két qua cua nghién ciru sy 1am lanh chit 16ng silicene ¢ téc
d6 1am lanh nhanh 10%K/s. Két qua md phong cho thay nhiét do chuyén pha tir long
sang tinh thé khoang 1772 K. Céc khao sat vé phan bd vong, phan bé phéi vi, phan b
g6c, phan bé khoang cach ciing cho thay c6 su chuyén pha ¢ nhiét do nay. Khi nhiét o
giam dan, silicene dan hinh thanh ciu trdc tinh thé véi phan 16n cac nguyén tir Si phan
bé trong mang tinh thé. Tinh thé c6 cau tric gan ddi xang, ¢d sai hong mang véi mot ty
I& 160, khoang 37.5%. Cac sai hong nay s& 1am cho do dan dién va dan nhiét cua silicene
tang dang ké so vai silicene hoan hao.
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