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MO HINH LY THUYET CHO SIEU BE MAT TU TINH QUANG HQC

GRAPHENE CO THE PIEU CHINH HE SO TRUYEN QUA VUNG THz
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TOM TAT

Cong nghé terahertz (THz) dang dwoC tdp trung nghién ciru va phat trién trén
toan thé giGi vi nhu’ng ung dung Clia néd trong cugc song, dac biét la cac phwong
phdp diéu khién cdc tinh chadt trong vung THz. Trong bai bdo nay, ching toi su dung
mé hinh Iy thuyét d@é tinh todn cho suw bién thién ciia hé sé truyen qua cua hé cdc dai
graphene dwoc dat trén dé. Két qud tinh todn cho thay phé quang hoc phu thuge rat
lon vao tir truong va dién truong bén ngoai dat vao, so |6p ddi graphene dat trén dé,

va chiét sudat méi trwong. Nhitng tinh todn Iy thuyet trung khit voi do dac thu"C
nghlem Day la phuong phdp nghién ciu [y thuyét dang tin cdy va cho phép toi uu

héa cdc thiét ké linh Kién phit hop Véi yéu cau ky thugt.

Tir khéa: Vit liéu siéu bé mat, dai graphene, cong nghé THz

1. Patvan dé

Cong nghé terahertz dugc s dung
phd bién trong cac tng dung nhu cong
nghé 6G (du kién s& duoc trién khai rong
rdi trong doi song vao 2028), y sinh [1],
vién thong, va bao mat [2]. Do nhay tin
hiéu s€ phu thudc vao do hep va bién do
cua phd quang hoc. Ché tao cac thiét bj
thu phéat séng trong ving tan s6 nay can
c6 cac thiét ké so hitu cac héc cong
huong & tan s6 mong mubn hodc duoc
tao nén tir cac vat liéu co6 tuong tac manh
trong ving THz. Cac thong s vé cau
trac hé va vat liéu déu anh huong dén
hiéu suat va do chinh xac nén can c6
phuong phdp nghién ciru dang tin cay
cho cac dy doan tinh chét.

Thyc nghiém 1a phuong phap chinh
hién nay dung cho cong nghé THz. Tuy
nhién phai tién hanh rat nhiéu thi nghiém
néu mubén c6 cdu trac tdi uwu nhat.
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Trong khi lam thyc nghiém s& tén kém
va can tién hanh nhiéu ché tao, mé phong
[3, 4] va 1y thuyét dugc st dung nhu
nhitng phuong phap nghién ciu thay thé
dé tao ra nhitng du doan gan nhat chi
duong cho thuc nghiém. So véi mé
phong thi 1y thuyét don gian hon, thoi
gian tinh toan nhanh hon va kha nang
tang quy mo cho hang loat tinh toan cling
cao hon.

Trong khi d6 graphene 1a vat li¢u hai
chiéu c¢6 twong tac dién tir, c6 nhiéu tinh
chat rat hap dan va tng dung ¢ ving THz
[5]. Céac tinh chat quang va dién cua
graphene c6 thé dugc diéu khién boi dién
va tir truong bén ngoai dit vao, thay doi
thé hoa hoc, pha tap, hinh dang va kich
thudc khac nhau do tac dung caa hiéu
ung bién va hiéu trng kich thudc hiru han
vi du nhu déi bang graphene (graphene
ribbons). Vi sy phat trién cua khoa hoc
cong nghé hién nay, viéc tao ra cac ciu
trac va hinh dang mong muén véi do
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chinh xac cao la viéc khong kho. Khi co
du doan t6t tir mo hinh 1y thuyét hay mo
phong dang tin cay thi viéc ché tao dé
dwa san pham ra thyc té 1a didu kha thi.

Trong bai bao nay, chung t6i dua ra
mo hinh 1y thuyét dé tinh phd truyén qua
cia hé vat lieu bé mat bién hoa
(metasurfaces) gébm hé diy dai bing
graphene dugc dit trén 16p dé 4H-SiC.
Hé cau trac nay da duoc ché tao thuc
nghiém trong mot bai bio gan day [6].
Chung t6i chi ra sy phu thudc tuong tac
dién tr trong vung THz gitra hé nghién
ciru Véi truong chiéu t6i vao thé hoa hoc
cua graphene, dién va tur truong ngoai, va
moéi truong. Nhitng két qua 1y thuyét cua
chiing t6i cho sy trung khop cao vai thuc
nghiém.

Ly thuyét

Hinh 1 miéu ta cdu tric hinh hoc va
thtr ty cua hé¢ ma ching toi nghién ciru.
Diy cua cac dai graphene gom N 16p xép
chong 1én nhau dugc sip xép mot cach
¢6 thir tu va khoang cach tuan hoan 1a P.
Do day cua dai graphene 1a W. Hé
graphene nay dit trén dé ran 4H-SiC.

graphene ribbons
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g | lavers

PowW LW w

4H-SiC

Hinh 1: Miéu ta hé nghién ciru voi cdac
théng sé Cdu triic quan trong.

O vung tan sé THz, d6 dan quang
hoc cta graphene don 16p khi khong co
tac dung cua tor truong ngoai dit vao
duoc tinh bang cong thuc [5]
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& day p 1a thé hoa hoc cua graphene, e 1a
dién tich cua electron, T la nhiét do, kg
1a hang sé Boltzmann, T 1a thoi gian thu
gian hay con goi thoi gian dap tit chuyén
dong. Voi hé day graphene co N 16p, do
dan quang hoc s& dugc tinh bang [7]

gy = Nay.

[kBT
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Dudi tac dung cua tu truong ngoai,
d6 dan quang hoc cua graphene bién
thanh dang tensor

O'xy]
Oyyl’

Oxx
g =

3
¢ ddy cac thanh phan cua d§ dn quang
hoc theo cac chiéu khac nhau duoc tinh

bang [6]
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Oxx = Oyy = Og (1-iwT)2+(w,T)?’ (4)
_ _ wcT(1-iwT)

Oxy = ~O0x = 9g (1-iwt)?+(w,T)?’ )

6 didy w, =eviB/u la tin s6 cong
huong cyclotron, B 1a tir truong ngoai,
va ve = 10° m/s 1a van téc cua
electron & mac Fermi.

Gitra cac dai graphene cliing mac du
la m6i truong nhung cling cd gia tri cua
d6 dan dién hiéu dung va né duoc tinh

bang cong thirc
P-W
In ( csc [n(—)]), (6)
2P
& day &, 1a hang sb dién moi cua dé,
&m 1a hang so dién moéi cia modi trudng,
&o 1a hang s6 dién cua chan khong.

L wEy(er+Em)P
0, = —i LEtErtem)P
13

Két hop giita do dan dién trong va
ngoai dai bang graphene trén bé mat cua
dé, ta c6 mét tensor cho dd dan dién hiéu
dung véi song dién tir chiéu téi vudng
goc v4i bé mit cua dé [6]
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Sy phu thudc cua hé sb truyén qua vao
d6 dan quang hoc duogc tinh duoc thé
hién qua cong thirc [8]

T J—
o=

27,
Jem+Ver
Voi Zy =376.73 Q0 1a tr¢ khang chan
khong va T, 1a hé s6 truyén qua khi hé
khong c6 dai biang graphene trén bé mit
dé.

2. Két qua va thao luan

Re[o'y, ], (11)

Trong phan nay, dé c6 dugc so sanh
cong bang gitra tinh toan 1y thuyét cua
chung t6i va thuc nghiém, ching to6i st
dung théng sb cia hé thyc nghiém da
duoc ché tao ¢ bai bao trude day [6], voi
N=1, u=02eV, W=16um, P =
32um, t=75fs, &, =1, va nhiét do
tién hanh thuc nghiém ¢ 2 K.

Hinh 2 cho thdy tinh toan 1y thuyét
duva trén cong thac s6 (11) va thuc
nghiém tuong tng do dugc ¢ bai bao [6]
dudi tac dung cua céac gid tri khac nhau
cua tir truong ngoai. Két qua tinh toan 1y
thuyét rat trang khop voi két qua thuc
nghiém. 0 tan s6 nho
(w/2m < 0,3 THz), tir trudng ngoai gan
nhu khong c¢6 anh hudéng nao dén hé sb
truyén qua vi do dan hiéu dung cua moi
truong gitra cac dai graphene o, 1a rét
nhé. Phuong trinh (6) cho thy o, ti 1&
thuan voi w va do d6 o'y, ~w. Tang tir
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truong ngoai dat vao tao ra dich chuyén
xanh cho vi tri cuc tiéu caa hé sé truyén
qua va cling lam cho anh huong cua l6p
graphene 1én Tl giam di. Piéu nay c6 thé
Iy gidi bing viec ting cua tan s6 w, VGi
tang tu trvong B va lam giam a,, (dua
vao phuong trinh (4)) va o',, (theo
phuong trinh (8)).
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Hinh 2: Hé sé truyén qua cua hé ddi
graphene don I6p (N = 1) dat trén dé
dwoc chudn héa boi hé sé truyén qua ¢
hé khong cé graphene theo ham ciia tan
s6 séng dién tir chiéu t6i ¢ cdc gid tri
khdc nhau cva tir trirong chiéu téi duoc
do ¢ nhiét @6 2 K. Cac diém dir ligu trén
hinh vé la két qua thuec nghiém. Cac
dwong lién la tinh todn Iy thuyét twong
UNQ Vi gid tri cua tir trieong chiéu toi

Hinh 3 cho thay su phu thuoc cua hé
sb truyén qua vao sb I6p dai graphene
trén bé mat dé 4H-SiC voi cac thong sb
cau trac gidng tinh toan ¢ hinh 2. Theo
phuong trinh (2), viéc ting sd 1p
graphene 1én s& lam ting do dan quang
hoc va do d6 day cac dai graphene co6 vai
tro rat lon trong viéc thay ddi hé sb
truyén qua cua hé. Vi sé 16p graphene
16n (N = 6), ty sb Tlo kh4 nho va tién tsi
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0. Diéu nay co nghia 1a ning luong cua
song dién tir ving THz chiéu t6i s& dugc
hap thu & I6p graphene trén bé mit va
phan xa mot phan chi khong cho truyén
qua. Ngoai ra, viéc ting sd 16p graphene
ciing dich chuyén vi tri cuc tiéu cua phd
quang hoc sang ving c6 tan s I6n hon.
Tir phuong trinh (1), (2), va (4), ta co thé
thdy d6 dan quang hoc phy thudc vao thé
héa hoc cua graphene. Theo nhu mot
nghién ciru trude day [9], thé hoa hoc nay
c6 thé thay doi bang dién trudng ngoai E,
dit vao va duoc tinh bang cong thirc

nsazzvé Eq = [ Elf(E) - f(E +2w)]dE,  (12)

V6i f(E) 1a ham phan bb Fermi.
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Hinh 3: Hé s¢ truyén qua cia hé ddi
graphene ddt trén dé diroc chudn héa boi
hé sé truyén qua ¢ hé khong cé graphene

theo ham cua tan so séng dién tir chiéu
té1 & cdc gid tri khdc nhau cia sé 16p ddi
graphene dwoc tinh o nhiét do 2 K. Cac
diém dir liéu trén hinh vé la két qua thuc
nghiém. Cdc dwong lién la tinh todn Iy
thuyér riong 1ing Véi gid tri cua tir
trirong chiéu téi

Hinh 4a cho thdy sy phu thudc cua
thé hoa hoc va dién truong ngoai tinh
bang cong thic (12). Tang dién truong
ngoai s& lam ting sy can trg chuyén dong
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cua cac electron trong graphene va do do
lam thé hoa hoc cua graphene ciing ting
lén. Trong thuc té ngoai cach dat dién
truong ngoai vao, thé hoa hoc ciing c6
thé duoc thay déi bang tao ra cac khuyét
tat (defects) va doping trong cic tam
graphene [12].
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Hinh 4: (a) Bién thién cia thé héa hoc
theo gia tri Cua dién truong ngoai dat
vdo. (b) Hé sé truyén qua cua hé ddi
graphene don 16p dat trén dé duwoc
chudn héa boi hé sé truyén qua ¢ hé
khéng c6 graphene theo ham ciia tan sé
séng dién tir chiéu t6i ¢ cdc gid tri khdc
nhau cua thé héa hoc duoc tinh & nhiét
do 2K

Chung ta c6 thé thay hé day graphene
don 16p (N = 1) giam luong song dién
tir ving THz truyén qua khi ting thé hoa
hoc ctua graphene trén hinh 4b. Phuong
trinh (1) cho thdy tang s& dan toi ting do
dan quang hoc cua graphene va vi thé
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nang tam anh huong cua I6p graphene
1én hé sb truyén qua trén bé mat. Nong
d6 electron trén mot don vi thé tich 16n
hon khi ting thé hoa hoc. Bdi Voi
graphene thi tan s plasma ti 1& thuan véi
can bac hai caa nong do electron [5]. Do
do khi néng do electron tang 1én s& lam
toan bo phd quang hoc bao gom ca vi tri
cuc tiéu ciing dich chuyén sang ving tan
s6 cao khi tang thé hoa hoc hay ting dién
truong ngoai dit vao. Didu do ciing cb
nghia la quang nang cua song di¢n tu
chiéu téi bi hap thu nhiéu hon trén bé
mat dé va bi giam cam noi tai trong cac
dai graphene.
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Hinh 5: H¢é so truyén qua cia hé ddi
graphene don I6p (N = 1) dat trén dé
diroc chudn héa boi hé sé truyeén qua ¢
hé khong cé graphene theo ham cia tan
s6 séng dién tir chiéu t6i ¢ cdc gid tri
khdc nhau cua chiét sudt méi triong
duwoc tinh o nhiét do 2 K. Hinh nho bén
trong miéu ta sw phu thugc tan sé tai vi
tri nhé nhdt cua hé sé truyén qua vao
chiét sudt méi truong.

bé nghién cau xem h¢ siéu bé mat
ctia chiing t6i co thé sir dung dé ché tao
sensor hay khong, ching toi nghién ciu
cach ma pho quang hoc truyén qua cua
hé thay doi theo bién thién cua chiét Suat
mdi truong. Trong phan nay cac thong sb
c4u truc ciia hé gidng nhu miéu ta & hinh

2 nhung thay ddi chiét suat n,,, = \/,,, tir
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1 dén 2. Cac két qua tinh sb cua chung
toi duoc miéu ta trén hinh 5 cho sy phu
thuoc cia hé sé truyén qua vao tan sb
THz chiéu toi & cac gia tri khac nhau cua
chiét suat moi truong. Trai nguoc Vi cac
tinh todn & trén, ting chiét suit moi
truong 1am phd quang hoc dich chuyén
vé tan sb thap hon va co thé do dac duoc
tin hiéu nay. Vi tri cuc tiéu cua phd
quang hoc gan nhu tuyén tinh véi chiét
Suit bén ngoai dit vao. Giam tir 0,925
THz dén 0,82 THz khi chiét tang tir 1
dén 2. Kha dang ké. Do d6 hoan toan ¢
thé ché tao ra nhitng sensor duwa trén hé
graphene siéu bé mat nhu trong bai bao
nay. Ngoai ra, chung ra ciing thy tam
anh huong cua lép graphene 1én hé sd
truyén qua cia hé ciing bi giam di, mic
du khong nhiéu.

3. Kétluan

Chung t6i da dua ra mé hinh ly
thuyet dé nghién ctu phd quang hoc
truyen qua caa hé cau trac siéu bé mat
bao gom cac dai bang graphene dugc sap
xép co trat tu trén bé mat 4H-SiC. Tinh
chat quang hoc cuia hé siéu bé mat nay co
thé dugc thay d6i bang tir truong hoac
dién truong bén ngoai. Trong khi tang tu
truong ngoai lam giam anh hudng cua
graphene 1én hé sd truyén qua cua vat
liéu, taing dién truong ngoai lai lam tang
thém anh huong cua graphene va quang
ning chiéu téi duoc hap thu nhiéu hon
trong graphene trén bé mit dé. Piém
chung ¢ day la ca phd quang hoc déu
dich chuyén sang ving tan s 16n hon
hay con goi 1a dich chuyén xanh. Tang s6
I16p cua graphene 1la mot cach giup ting
nong do electron trén mot dai band
graphene va lam thay doi dang ké hé sé
truyén qua. Chiét suat méi truong 1a mot
trong nhitng yéu t6 quan trong anh
huong 1én hé. Chiing ta hoan toan c6 thé
st dung hé nay cho viéc ché tao cac
Sensor.
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Két qua tinh 1y thuyét cua ching t6i  dudng tinh toan 1y thuyét bam rat sat s6
déu so sanh vai thuc nghiém va cho dugc liéu thuc nghiém khi duoc V€ trén cung
sy dong thuan dinh lugng rat cao. Cac mot do thi.
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THEORETICAL MODEL OF MAGNETO-OPTICAL GRAPHENE
METASURFACE FOR TUNNING TRANSMISSION
IN THE TERAHERTZ REGIME

ABSTRACT

The terahertz technology has been intensively developed and investigated all over
the world for its applications in daily life, particularly methods for manipulating
properties in the THz regime. In this paper, we use a theoretical model to study the
transmission of metasurfaces including graphene ribbons periodically organized on a
solid substrate. Numerical results show that optical spectra are strongly dependent on
external electric and magnetic field, the number of graphene layers, and the refractive
index of medium. Our theoretical calculations quantitatively agree with experimental
data. This is a reliable theoretical method to optimize designs to obtain desired
specifications.

Keywords: Metasurface, graphene ribbons, THz technology
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