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Tém tat: Trong cong trinh nay, ching t6i khdo sit mat do trang thai dien ti
(DOS) trong graphene hai 16p bi hydro héa (H-BLG) dit trong dién truong khong
ddi vuong géc. Bén kiéu hydro héa khac nhau duge xem xét d6 1a: kiéu ban (TL—
H-BLG), kiéu ghé tya (CL-H-BLG), kiéu ban thu gon (rTL-H-BLG) va kiéu ghé
tua thu gon (rCL-H-BLG). Biéu thitc cia DOS dugc thu nhan thong qua mdi
lien hé véi ham Green, st dung Hamiltonian trong gan ding lién két manh. Cac
két qui tinh toan chi ra ring, graphene hai 16p thuan khiét (chita bi hydro héa)
14 ban kim loai, trong khi d6 CL-H-BLG va TL-H-BLG la cac ban dan. Bén
canh d6, dién truong ngoai &nh huéng manh lén DOS. Trong tit ci cac ciu tric,
DOS tai vi tri mitc nang lugng Fermi ting khi cuong do dién truong ting. Ngoai
ra, do rong ving cam trong cac cau tric CL-H-BLG va TL-H-BLG gidm theo
cudng do dien trudng. Cac dic diém trén 13 co sd cho viéc sit dung dién trudng
dé diéu chinh tinh chat dién tit ctia H-BLG sao cho phit hgp véi cac ing dung
trong céc thiét bi quang-dién tit nano.

Tt khéa: graphene hai 16p; hydro héa; mat do trang thai; mo hinh lien két

manh.

1 GIOI THIEU

Véi chu tric don 16p dang luc gidc clia caAc nguyén ti carbon, graphene 13 vat lidu c6 cau
tric va tinh chat vat 1y dic biét nhit hién nay. Tuy nhién, graphene thuan khiét c6 nhugc
diém 13 do rong viing cAm bing khong, nén khong thé 4p dung trong cic thiét bi déng-mé
(ching han nhu transitor hiéu tng trudng), cic thiét bi quang dién ti [1]. Dé khic phuc
nhuge diém d6, cac nha khoa hoc da va dang tim ra cic phuong phip dé tao ra vi diéu
chinh d6 rong viing cAm clia graphene ma van duy tri duge cic tinh nang wu viét ctia noé.
C6 thé ké dén mot s6 cach nhu: dat tAm graphene lén dé phan cuc [2, 3], 4p dién truong
len graphene hai 16p [4, 5|, gay bién dang don truc |6, 7|, cit tAm graphene thanh cac dai
nano (nanoribbon) [8, 9], tdc dong héa hoc [10]. Muc dich cta cac phuong phép trén la
phé v6 tinh dbi xing dién t1-16 tréng trong ciu tric viing ning lugng clia graphene v, tao
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ra ving cam khac khong. Tuy nhién ciing can Iutu ¥ réng moi phuong phap chi ¢6 ¥ nghia
khi n6 khéng phé v ciu tric clia graphene va van gitt dude cac dic tinh co ban clia né.
Hién nay, vat liéu carbon hydro héa thuc sit hip din cidc nha nhién citu do cac tinh chat
mdi mé, hita hen nhiéu tng dung ding sau né. Graphene bi hydro héa sé hitu mot s6 dic
tinh dién t mdi so v6i graphene thuan khiét, lam cho vat lieu nay trd thanh ing vién tiém
ning trong cac thiét bi logic ¢6 viing cam khac 0, duge quan tam cd vé mét 1y thuyét va
thyc nghigm [11, 12, 13]. Mot trong nhitng yéu t6 quan trong quyét dinh dén tinh chat
dién tit cia graphene bi hydro héa 13 kiéu hydro héa. Hydro hoéa hoan toan graphene cho
ta cac tinh chit khac vdi hydro héa mot nita. Muc tiéu chinh cia qua trinh nay 1a phé vé
lai héa sp? dé tao thanh cac lai héa sp® tuong ti lai héa ciia kim cuong,.

Bén canh do6, viéc diéu chinh do rong ving cadm va cac tinh chat dién ti trong graphene
hai 16p dé dang hon graphene don 16p [14]. Cac nha nghién citu da chi ra ring cac tinh
chat ciia graphene nhiéu 16p bi hydro héa phu thugc manh vao s6 16p [15]. Cach xép chong
cac 16p ciing rat quan trong. Hai I6p graphene c6 cac kidu xép chong khéac nhau bao gom:
xép chong chéo (kieu AB), xép chong thang (kieu AA), xép chong dang xoén (twisted)
[16, 17].

Trong cong trinh nay, ching t6i nghién ctu &nh hudng cia mot dién truong vudng goc 1én
tinh chat dién tit cia H-BLG. Dai lugng dic trung cho tinh chit dién tit 13 mat do trang
thai dien ti (DOS) dugc tinh todn béng phuong phidp ham Green st dung Hamiltonian
trong gan ding lien két manh. Chiing t6i quan tam dén kiéu xép chong AA ciia graphene
hai 16p vi nhitng nghién citu vé ciu tric nay van con kh4 it. Trong trudng hop xép chong
AA, cac nguyén tit carbon trong 16p thit nhit nim thing géc vdi cic nguyén tit carbon
(trong cung mang con) ctia 16p thit hai. Bai bao duge ciu tric nhu sau. Trong muc 2,
chiing toi trinh bay mo hinh tinh toan va cac cong thitc co ban. Muc 3 gidi thieu cac két
qua tinh to4n s6 va thio luan. Mot s6 két luan quan trong vé két qui nghién citu sé duge
trinh bay ¢ muc 4.

2 MO HINH TINH TOAN VA CAC CONG THUC CO BAN

Xét cau tric H-BLG xép chdng kidu AA. Tuy theo cach sip xép clia cic nguyén tit H
trong mang graphene hai 16p, chiing toi xét bdn kiéu hydro héa khic nhau, duge chi ra
tren Hinh 1: kidu ban (TL-H-BLG), kiéu ghé tya (CL-H-BLG), kiéu ban thu gon (rTL-H-
BLG) va kiéu ghé tya thu gon (rCL-H-BLG). Dat mot dién trudng khong déi vudng goc
v6i mit phing cia tim H-BLG, trang thai clia cac fermion Dirac c6 thé duge mo t bdi
Hamiltonian trong gan dang lién két manh nhu sau:

];:IAlAl IifAlBl JL:IAIAQ fifAlBQ [':IAlHl f:IAng
Hpyay Hpp, Hpa, Hpp, Hpm Hpm,
Hayay Hapy Hasa, Haypy, Hasny Hayw, (1)
IA{BZAI 1113231 I?BQAZ -FAIBQBQ I:IBng {IBQHQ
I:IHlAl ]:IHlBl {IHlAQ I:IHlBQ I:—’HlHl I:-’Hng
Hy,a, Hp,p, Hp,a, Hp,p, Hp,ny Hp,m,

Hypre =
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Hinh 1: Graphene hai ldp zép chong kieu AA: (a) dang thudan khiét; (b) hydro héa
kiéu ban (TL-H-BLG); (¢) hydro héa kiéu ghé tya (CL-H-BLG); (d) hydro héa kiéu
ban thu gon (rTL-H-BLG); (e) hydro héa kiéu ghé tua thu gon (rCL-H-BLG).

hoiic c¢6 thé viét gon nhu sau:
k k k
Hppre(k) = | Hiy(k) Hoo(k) Hos(k) |, (2)
k k k

trong d6, thanh phan H(k) va Hyo(k) 1o Hamiltonian mo t& lien két clia cac nguyén ti
C trong mdi 16p, dugc cho bdi:

ﬁll(E) _ I:{AlAl I:{AlBl _ _‘i . 6Og( ) ’ (3)
HB1A1 HB1B1 509(k) -V

ﬁ—22(E) _ I:{AQAQ I:{AQBQ _ Vﬂ . 6Og(k“) ) (4)
Hp,r, Hp,B, EOQ(k) 14

O day, g(k) = 2008(@1%@)6*%?/“/2 + e vy eg ~ 36V via = 1,42 A va V 1a thé ning
clia dién t¢ trong dién trudng ngoai. Thanh phan 1':[12(]5) 14 Hamiltonian mo ta& lién két
clia cidc nguyén ti C giita cac 16p duge cho bdi:

N Haa, Hap m 0
le(kj) = (ﬁ 142 ﬁ 1 2> — <0 ) , (5)
B1A> B1 B> 71
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vii y1 & 0,2 eV. Cac hing s6 trong cong trinh nay dugc cho béi cac cong trinh [18, 19, 20].
Thanh phan Hi3(k) va Hos(k) 1a Hamiltonian mo t4 tuong tac gitta cac nguyén tit H va C
va phu thudc manh vao loai hydro héa:

. —t1 O A 0 to
HTL — . HTL _ .
13 <—t1 0) ; Hag 0 ty)°

vl tl = tQ =5.72 eV.

Cubi ciing Has(k) 1o Hamiltonian cho tuong tac gifta cAc nguyén ti H:
N Jig g t, 0
Hsy(k) = tHiHy HHiH2 \ _ [ p (7)
Hy,n, Hp,yw, tp 0

Tt biéu thitc ctia Hamiltonian (2), ta ¢6 thé viét ra ma tran ham Green qua mbi lién he
[21]:

vOi t, = —2,4 eV.

. 1
G(k, an) = - ~ ~ = (8)
iwn ] — Hypra(k)
trong d6, I 1a ma tran don vi, iw, — £ +i01 1a tAn s6 Matsubara, v6i 01 1a s6 thyc duong
rit nhé mang thit nguyén nang lugng. Tt d6, c6 thé thu duge bidu thitc cho DOS:

6
1 -
- - Cx (M
D(E) = 5 Z:; I:GG (%,€), (9)
e

trong d6, N, va N, lan lugt 13 s6 nguyén ti trong mot 6 don vi va s6 6 don vi. Trong cong
thic tren, téng theo k duoc lay trong viung Brillouin thit nhat (FBZ) trong khong gian
mang ddo. Trong muc tiép theo, chiing t6i sé trinh bay cac két qua tinh sé ddi véi biéu
thitc giai tich cia DOS cho béi cong thic (9).

3 KET QUA TINH SO VA THAO LUAN

Trong muc nay, ching t6i sé khio sat chi tiét DOS nhu 14 mot ham clia ning lugng dién
tit trong H-BLG véi cac kiéu hydro héa khic nhau trong hai trudng hop: khong ¢6 va c6
mit mot dieén trudng ngoai khong ddi. Dé thuan tien, ching toi st dung ¢ 14 don vi do ciia
nang lugng trong cac tinh toan sb.
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Trude khi phan tich cac két qud thu duge, ta hdy nhic lai ¥ nghia ctia DOS. DOS cho ta
thong tin vé sy phan b cic trang thai clia cac hat tai (electron va 16 trong) trong mot
he. Cu thé, DOS cho ta biét s6 trang thai trén mdi don vi ning lugng, ching han mdi eV,
trong timg viing ning lugng. Theo d6, sy xuét hién cac trang thai suy bién phu thudc vao
cac dinh cyc dai trong dudng cong bidu dién DOS. Luu ¥ ring sy khac biét chinh gitta cic
mitc ning lugng lap diy va cdc miic chua lap day d6 1a cac dinh cye dai DOS cang cao thi
s6 cac mic 1lap diy cang nhiéu va ngudc lai.

3.1. DOS cta BLG va H-BLG khi khong c6 dién trudng
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Hinh 2: DOS trong BLG thuan khiét va H-BLG vdi cic kiéu hydro héa khdc nhau
khi khong co dién truong ngoas.

Hinh 2 m6 t4 sy phu thuoc ciia DOS vao tham sb khong thit nguyen £/t dbi vdi cac cau
tric graphene hai 16p khac nhau: BLG thuan khiét (duong mau den), TL-H-BLG (dudng
mau hong), CL-H-BLG (dudng mau dd), rTL-H-BLG (dudng mau xanh 14 cay) va rCL—
H-BLG (dudong mau xanh dam) khi khong c6 mit dién truong khong ddi (V = 0). Tit hinh
vé ta co thé thiy ring DOS déi v6i BLG thuan khiét phii hop t6t véi gia tri thu duge trong
cong trinh [22]. Diéu d6 cho thiy su ding din va do tin ciy ciia phuong phip ma chiing
toi st dung dé tinh toan DOS v& 1a co s§ dé chiing toi tiép tuc phan tich cac dic trung ciia
DOS trong cic cau tric H-BLG khéc nhau. Tir hinh vé ta cling thay raing DOS trong céc
ciu tric H-BLG thay ddi manh so véi BLG thuin khiét. XuAt hién cac ving cAm c6 do
rong khodng 2,2t va 3, 1t tuong tng trong CL-H-BLG va TL-H-BLG. Cac gia tri nay cho
thiy CL-H-BLG va TL-H-BLG la cac ban din. Nhu vay, dudi tac dung ctia hydro hoa,
da c6 su chuyén pha trong graphene hai 16p tir ban kim loai sang ban dan. Bén canh do,
v6i cac cau tric rTL-H-BLG va rCL-H-BLG, DOS ciing thay ddi manh, gia tri ctia DOS
tang manh tai mot s6 gia tri cia ning lugng £/t va xuat hién nhiéu ky di van Hove hon
so v6i graphene hai 16p thuan khiét. Diéu nay dugce gidi thich 14 do khi bi hydro héa, sit
c6 mit clia cac dién ti trong cac nguyén tit hydro 1am ting s6 lugng dién t1t cia hé va do
vay s6 trang thai dien t1 cling phai tang len, din dén DOS téing.
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3.2. Anh hudng ctia dien truong len DOS ciia H-BLG

Anh huéng ciia dien truong len DOS duge thé hien trong cac phuong trinh (3) va (4)
cho Hamiltonian. Bay gid ching t6i sé lam r6 dnh huéng cha dién truong 1én cic dic trung
ctia DOS trong cic ciu triic néi trén. Dé thuan tién ching to6i chon don vi ctia thé ning
tinh dién (eV) lam don vi do clia dién truong tuong ing.
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Hinh 3: DOS trong BLG thuan khiét tai mot s6 gia tri khdc nhau cia dién truong.
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Hinh 4: DOS theo nang luong trong TL-H-BLG (a), CL-H-BLG (b), rTL-H-BLG
(¢c) va rCL-H-BLG tai mot so gid tri khdc nhau cia dién truong V.

Trude hét, ching toi xét Anh hudng clia dién truong lén DOS trong BLG thuan khiét, dude
chi ra trén Hinh 3. Hinh vé cho thiy khi tang gia tri clia dién truong thi s6 lugng cac ky
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Hinh 5: Su phu thuoc cia DOS tai mic ndang lugng Fermi vao dién truong trong cdc
cau tric graphene hai lop khdc nhau.
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Hinh 6: Su phu thudc cia do rong ving cam vao dién truong trong TL-H-BLG (cac
cham tron) va CL-H-BLG (cdc cham vuong).
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di van Hove trong DOS khong thay ddi, tiic 13 khong lam xuit hién thém cac trang thai
suy bién. Ngoai ra, khi dién trudng téng lén thi do rong cia cac ky di van Hove mé rong
ra va do cao cac dinh ky di gidm xubng. Diéu nay hoan toan phit hgp vé mit vat 1y, béi vi
thic té sit c6 mit clia dien truong khong 1am thay ddi s6 dien tit toan phan trong cac ving
ning lugng (s6 dién tit bio toan), c6 nghia 1a vé mat hinh hoc, dién tich hinh phing gisi
han bdi dudng cong biéu dién DOS va truc nang lugng £/t phai bao toan khi dién trudng
thay ddi. Bén canh d6, gia tri cia DOS tai vi tri mitc Fermi (D(0)) tang lén khi tang dién
truong tang, din dén xuit hién pha ban kim loai qua do.

Tuong t, chiing t6i tiép tuc phan tich &nh hudng cia dién truong lén DOS trong H-BLG
Vi cac kiéu hydro héa khac nhau. Hinh 4 md t4 DOS trong H-BLG tai mot s6 gia tri khac
nhau ctia dién trudng. Nhin chung, DOS trong tat cd cac ciu triac H-BLG phy thudc 16 rét
vao dién truong. Sy thay ddi ctia D(0) theo dién truong trong BLG thudn khiét ciing nhu
trong cac cau tric H-BLG khac nhau duge chi ra trén Hinh 5. Ngoai ra, tit Hinh 4 ta ciing
thay ring khi dién truong ting thi bé rong ving cAm trong TL-H-BLG va CL-H-BLG
bi thu hep. Di¢u nay cé thé giai tich 14 do tac dung clia dién trudng da lam cho dien ti
& ving dan va 16 tréng ¢ vung héa tri dich chuyén lai gin nhau, tdc 13 dinh cla ving
hoéa tri va ddy cta viung dan cang gan nhau khi dién trudng cang tang, ddn dén do rong
viing cam gidm theo dién truong. Syt phu thuoce ctia do rong viing cam trong TL-H-BLG
va, CL-H-BLG vao dién trudng ngoai dugce chi ra trén Hinh 6. Sy phu thudc cia DOS vao
dién trudng 13 cd s6 clia ki thuat thay déi bé rong ving cAm ciia vat lisu H-BLG bing dién
truong. Ta c6 thé thu duge vat liu ¢6 do rong ving cAm nhu ¥ mudn bing cich chon gia
tri dién truong thich hop.

4 KET LUAN

Chiing t6i da nghién citu &nh hudng clia dién trudng ngoai lén tinh chat dien ti cia BLG
thuan khiét va H-BLG v6i bén kiéu hydro héa khéic nhau. Gi tri cia DOS thu duge bing
ly thuyét ham Green sit dung Hamiltonian lién két manh trong BL.G thuan khiét phu hgp
tot v6i cac két qua thu duge bdi cac tac gia khac. Nhin chung, DOS tai vi tri mitc Fermi
tang khi cuong do dién trudng tang trong tit ca cAc ciu tric. Dac biét, do rong ving cAm
trong TL-H-BLG va CL-H-BLG thay d6i dang ké khi dién trucng thay ddi. Dac diém nay
14 co 86 cho cac ting dung clia dién truong trong viéc diéu chinh do rong ving ciAm ciing
nhu cac tinh chit quang dién lién quan trong cac thiét bi quang dién t1t nano, phi hgp vai
timg tng dung cy thé.
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Title: ELECTRONIC DENSITY OF STATES IN HYDROGENATED BILAYER GRAPHENE
UNDER THE INFLUENCE OF A DC ELECTRIC FIELD

Abstract: In this work, we investigate the electronic density of states (DOS) in hydro-
genated bilayer graphene (H-BLG) subjected in a dc electric field. Four different types of
hydrogenation are considered: table-like H-BLG (TL-H-BLG), chair-like H-BLG (CL-H-
BLG), reduced table-like H-BLG (rTL-H-BLG) and reduced chair-like H-BLG (rCL-H-
BLG). The expression of the DOS is obtained by its relation to the Green function, using
Hamiltonian in the tight-binding approximation. Numerical results show that pristine bi-
layer graphene is a semimetal, while the CL-H-BLG and TL-H-BLG are semiconductors.
Besides, the external electric field has a strong influence on the DOS. In all structures,
the DOS at the Fermi energy level increases with increasing the electric field strength.
In addition, the band gap in CL-H-BLG and TL-H-BLG structures decreases with the
electric field strength. The above characteristics are the basis for the use of an electric
field to adjust the electronic properties of H-BLG so that it is suitable for applications in

nano-optoelectronic devices.

Keywords: bilayer graphene, hydrogenation, density of states, tight-binding model.



