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TOM TAT

Véi nhitng tiém ndng iing dung to I6n trong cdc linh viee nhie bire xa nhiét hiéu sudt cao, cdm
bién héa sinh dé nhay cao, cdc ki thudt cam bién phdn ti va trong linh viec nang luong, vt liéu
metamaterial (MMA) hdp thu song THz hién dang rdt duwoc quan tam nghién ciu. Trong do, cdc
nghién ciru nham tao ra cdc vit liéu MMA hdp thu ¢6 diéu khién, c6 kha néang thay doi tinh chat
hdp thu sau khi ché tao bang cdc tac dong ngoai vi co y nghia ddc biét quan trong. Trong nghién
cleu nay chiing toi dé xudt mot thiét ke co the thay déi tan sé hap thu cua vt lieu MMA bang
cdch két hop véi mot hedi graphene. Tan so cong hwong ciia cau triic dwoc diéu khién bang dién
trueong ngodi thong qua ndang lwong Fermi ciia graphene. Cdu triic MMA dwoc thiét ké don gian
gom cdc dia vang dat trén hedi graphene. Két qua mé phong cho thdy tan sé hap thu dwoc diéu
khién tir 1,67 THz dén 1,9 THz twong irng véi s thay doi nang lwong Fermi ciia graphene tir 0,0
eV dén 0,5 eV.

Tir khéa: THz; Metamaterial; Hip thu song dién tir; Dich tin.
1. MO PAU

Ké tir khi vat liéu nhan tao c6 kha nang hép thy tuyét dbi song dién tir dugc chung minh bdi
Landy va cac cong su 1an dau tién vao nam 2008 [1], cac huéng nghién ctru vé vét liéu nay lién tuc
dugc md rong va phat trién va duge goi la vat liéu bién hoa hép thu tuyét ddi song diét tu
(metamaterial absorber - MMA). Diéu thii vi 1a tinh chat hip thu cia MMA c6 thé dat duogc tuy ¥
phu thudc vao su diéu chinh cic tham s6 ciu triic cling nhu cac thanh phan vat liéu. Tuy nhién,
trong mot sb truong hop yéu cAu tinh chét hép thu caa vat liéu can linh hoat, c6 thé thay ddi duoc
ngay ca sau khi di ché tao. Do d6 dd c6 nhiéu hudng nghién ciru khac nhau nham diéu khién tinh
chit cia MMA bang cac yéu t6 ngoai vi nhu co hoc, nhiét do, dién truong, tir truong [2-5]. Bén
canh d6, cac hudng nghién ctru vé vat liéu MMA trong ving tan sb THz va hf)ng ngoai ciing dugc
guan tdm do cong ngh¢ THz ciing nhu cac thiét bi THz hira hen dan dén nhleu tlem nang tmg dung
trong tuong lai. Mot s6 nghién ctru da chi ra kha nang timg dung thyc té cua dai tan sb THz trong
nhiéu linh vuc nhu thién van hoc, truyén thong, hinh anh quang phé [6, 7]. Pac biét dai tan s6 THz
thap (<2 THz) rat dugce quan tdm nghién ctru trong linh vuc lién lac khong day véi tée do dir lidu
cao hon nhiéu so vOi cach ma hién tai dang dung. Cac bo héap thy THz dong vai tro quan trong
trong viéc phat trién cac may do THz hiéu suit cao [8], trong céc thiét bi tang hinh, cam bién nhiét
[6, 9]. Vat liéu MMA thong thudng gdm bd cong huong song dién tir trén mot dién moi va dudi
cung 13 tAm kim loai dong vai tro nhu mot guong phan xa hoan toan séng dién tir da co thé cho
phép diéu chinh tan s6 hap thy, chuyén dbi giita phan xa va hap thu [10, 11]. Thuc té cho thiy viéc
nghién ctru tim kiém vat liéu phtt hop nhiam tich hop vao siéu vat listu MMA dé cho kha ning diéu
chinh linh hoat tan sd, diéu ché phén cuc, chuyén doi hép thu va phan xa can duogc phat trién va
hoan thién.

Graphene gan day nhan dugc nhiéu sy quan tim nghién ctru do ¢ nhleu tinh chat tha vi nhu
kha ning trong sudt quang hoc, tinh linh hoat va d¢ linh dong ctia dién tir rat cao [12]. Nhiing tinh
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chat dic biét ma graphene c6 dugc chu yéu xudt phat tir tinh don 16p cua vét liéu. Do dan cua mot
graphene don 16p carbon c6 thé dugc diéu chinh linh hoat trong mot dai tan sd rong bang cach
diéu khién mirc nang luong Fermi ctia dién tir thong qua pha tap hoa hoc hoic dién truong.

Trong nghién ciru ndy, dai tan THz thap (< 2 THz) dugc tap trung nghién ctru bang céach tich
hop graphene voi siéu vat lieu MMA. V6i thiét ké don gian, mot cdu tric MMA khong phan cuc
v6i song dién tir duge dé xuat c6 thé dé dang tich hop graphene dé diéu kh1en tinh nang hap thy
cta vat liéu. Kha nang hap thy hoan hao séng dién tir & tan s6 ‘mong mubn cua vat liéu dugc mo
phong va téi wu hoa bang phuong phap tich phan hiru han, dong thoi co ché hap thu duoc giai
thich bang m6 hinh mach dién twong duong. Két qua mo6 phong cho thdy kha niang diéu khién
linh hoat tan sé hip thu trong khoang tir 1,67 THz dén 1,90 THz bang dién truong ngoai tuong
g voi dién ap dat vao dién cuc. Cau traic MMA don gian dé ché tao nay cho thay tiém ning
mg dung trong cam bién va diéu bién THz.

2. THIET KE CAU TRUC VAT LIEU

Céu tric MMA duoc dé xudt bao gdm mot mang tuan hoan céc ciu triic 6 co s, nhu trong
hinh 1. Cau trac MMA gdm bd cong hudng 1a cac dia vang dat trén mot ludi graphene hinh chir
thap, ké dén 1a 16p dién méi SiO, va dudi cung 1a tAim vang lién tuc dong vai trd nhu mot guong
phan xa toan bd song dién tir. Toan bo ciu tric MMA duoc in trén dé silicon. Chi tiét cac 16p cua
mot cau tric 6 co s¢ duoc tach riéng va minh hoa & bén phai cia hinh 1. Cac thong sb hinh hoc
ctia cdu traic MMA thu duoc sau khi tdi vu hoa hiéu suét hép thu & tan sb da chon. Trong do,
dudng kinh dia vang d duge chon 50 pm dét trén mot ludi graphene lién tuc hinh chit thap voi bé
rong cua dai graphene w thu duoc 1a 5 pm, kich thudce 6 co s¢ a t6i wu hoa dugc 1a 55 pm trong
mit phang mau vudng géc v6i huéng cua véc to song dién tir chiéu téi va dinh hudng theo cac
phuong cta véc to cuong do dién truong E va véc to cuong do tur truong H duoc chi ra trong
hinh 1. Bé day cac 16p cua cau tric MMA dugc lya chon trong d6 dia vang trén cing va tim
vang lién tuc c6 cung do day t,, 1a 100 nm, 16p dién méi SiO, va 16p silicon co d6 day lan luot 1a
2 um va 10 pm, luéi graphene c6 do day 0,34 nm tuong Gng nhu mdt 16p nguyén tir carbon. Kim
loai vang dugc chon véi d6 dan 4,561x10” S.m™, dién moi SiO, duoc chon véi hing sé dién moi
12 3,9 va d6 ton hao 0,002 [13].
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Hinh 1. Thiét ké MMA va é don vi ciia né, cac dia tron mau vang trén ciing la cac dia Au, ledi mau
den la graphene, 16p mau hong la SiO», tiép dén la 16p Au, 16p mau xanh dwdi cudi ciing la dé Si.
Toan bd ciu truc sau d6 duoc nhung trong mot mdi trudng tham chiéu, duoc chon 1a chan
khong. Cau tric MMA dugc trinh bay trong hinh 1, cau triic gdm ba 16p kim loai - dién méi — kim
loai. Trong thuc té, cAu tric MMA khi ché tao s& duoc in trén dé Si thwong mai, trong hinh 1 13
16p véat liéu mau xanh duong. Tuy nhién, do 16p kim loai lién tuc dong vai tro nhu mét guong
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chin lai toan b séng dién tir qua vat liéu do vay dé Si khong anh hudng dén tinh chit dién tir cua
vat li¢u dong thoi do hap thu cuia MMA s€ dugc xac dinh tir tham s6 tan xa theo phuong trinh:

A=1-R=1-(S,)’ 1)
Trong d6, R 1a d phan xa cua cau tric, Sy; 13 tham s6 tan xa cia céu tric.
3. KET QUA MO PHONG TiNH TOAN VA THAO LUAN

Hinh 2a trinh bay két qua moé phong phd hap thy cia MMA trong hai truong hop khong cd
graphene va c6 cac dai graphene voi nang luong Fermi la 0 eV. Co thé thiy ¢ ca hai phd hap thu
déu xuat hién moét dinh cong huong vei do hap thy cao, cu thé voi MMA khong c6 graphene
(dudng mau den nét lién) dinh hap thu tai tan s6 1,678 THz véi do hap thu 95,4%, vdi MMA tich
hop cac dai graphene (duong mau dé nét dut) dinh hép thuy tai tan sé 1,661 THz va do hap thy
99,8%. Khi MMA duoc tich hop cac dai graphene hinh dau cong dudi cac bod cong huong kim
loai thi tan sé cong huong da dich vé vung tan s6 thip, dong thoi cudng do hip thu tai tan sb
cong huong tang va gan nhu dat tuyét d6i. Két qua trén duoc giai thich 1a do cac dai graphene
dong vai trd nhu cau ndi khién cho twong tac gitta cac bo cong huong ¢ cac 6 co s6 ké tiép nhau
manh hon. Két qua mé phong phan bb dong dién bé mat tai ving khong gian giita hai dia kim
loai & hai 6 co so lién ké doc theo hudng tac dung dién truong cua song tdi (doc theo truc Oy)
dugc trinh bay trong hinh 2b, hinh 2c. Két qua cho thay khi MMA duoc tich hop dai graphene,
dong dién phan bb tap trung nhiéu hon trong ving khong gian gitta hai dia kim loai & hai 6 co s
ké tiép, dong thoi dién tich ciing tap trung nhidu hon ¢ hai dau cia hai dia kim loai déng vai tro
nhu mot ludng cuc dién.
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Hinh 2. (a) Phé hdp thu ciia MMA trong hai truong hop cé va khéng cé graphene; phén bo dién
triweong giita hai dau ciia hai dia kim loai doc theo hiedng tdc dung dién truong ciia séng t6i trong
hai triweong hop (b) khong cé graphene va (c) cé graphene véi nang lwong Fermi bang 0 eV.

Hinh 3 trinh bay két qua mé phong cac phd hap thu cia MMA tich hop graphene khi ning
luong Fermi ctia né thay dbi. Hinh 3a 1a pho hip thu cia MMA tich hop graphene véi dia cong
huong Au c6 dudng kinh 50 um, hinh 3b 14 phd hap thu cia MMA tich hop graphene véi dia
cong huong Au c6 duong kinh 46 pm. Co thé thy, voi cac duong kinh dia Au khac nhau, dinh
hép thu cia MMA & cac tan s khac nhau. Khi duong kinh dia Au giam thi tin sb cong huong
cia MMA ting, két qua nay 1a do cong hudng ciia MMA c6 ban chit 1a cong huong tir do tuong
tac giita dia Au voi 16p kim loai lién tuc. Trong ca hai truong hgp voi cac duong kinh dia Au la
46 um va 50 pm, két qua mé phong cho thay khi ning lugng Fermi ting thi tan s tai dinh hap
thu ting trong khi d6 cuong d6 hip thu gan nhu khong dbi. Cu thé, véi MMA ma dia Au cé
duong kinh bang 50 pm, khi ning lwong Fermi cta graphene ting tir 0 eV dén 0,5 eV thi tan sd
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tai dinh hép thu cia MMA tuong tng tang tir 1,67 THz dén 1,81 THz. V6i MMA ma dia Au c6
duong kinh dia bang 46 pm, khi nang luong Fermi tang tur 0 eV dén 0,5 eV thi tan s6 tai dinh
hap thu cia MMA tu'cmg g tang tir 1,79 THz dén 1,90 THz.
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Hinh 3. Bé hdp thu ciia MMA tich hop graphene khi nang heong Fermi ciia graphene thay déi
trong hai trueong hop ciia dwong kinh dia Au cong huong (a) 50 um va (b) 46 um.

Hinh 4. M6 hinh mach dién twong dwong ciia mot 6 co so cuia cdu triic vat liéu MMA.

Dic tinh hip thy cia MMA tich hop graphene c6 thé dwoc 1y gidi qua mo hinh mach dién
tuong duong. Mo hinh mach dién twong duong ciia mot 6 co sé cua ciu traic MMA tich hop
graphene dugc mod ta trong hinh 4. Cac nghién ctru truée ddy da chimg minh rang, ciu tric MMA
dia tron cho céng hudng vaéi song dién tir 1a cong huong tir [11]. Tu dién twong duong dugc tao
boi dia Au trén cung va 16p Au lién tuc, khi do dién dung C duoc xac dinh béng biéu the.

d?
Cl4t @)

Trong do, cac tham sb cu trac t;, d lan luot 1a @9 day cua lop SiO, va duong kinh cua dia Au.
Céc tham s6 &, & 1 1an luot 1a hang s6 dién va do dién tham cua SiO,, ¢; 1 hé s hinh hoc 14 hé
s6 ti 1& dién tich tap trung dién tich trén tong dién tich dia, hé s6 nay thuong cé gié tri tir 0,10 dén
0,25 tuy vao hinh dang cua céu trac, dugc xac dinh bang cach md phong ving tap trung dién tich
trén cac cau trac kim loai [14]. Trong khi d6, do tich hop ludi graphene nén hé s tu cam cua cau
trac MMA tich hop graphene kha phtrc tap, nhu dwoc chi ra trong hinh 4. D6 tu cam L cia céu
trac gdm hai thanh phan: Ly, L¢ 1an luot 12 hé s6 tw cam do dia Au va dy ludi graphene tao ra.
Trong d6, Ls lai dugc tach thanh hai thanh phan ndi tiép nhau 1a do tu cam L, va d6 tw cam dong
luong Ly [15]. Cac gia tri Ly va L, duoc xac dinh phu thudc vao tham sb hinh hoc va do tir thim
ctia chét dién méi, cu thé:

Cm = 80‘95
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/”Z-ts :,ths(a—d)

L=k ®
Gia tri d6 tu cam dong lugng cua ludi graphene dugc xac dinh:
_(a—d)m
x = W 4)

Trong d6, m’, N, e 1an luot 1 khéi lugng hiéu dung, mat d6 hiéu dung va dién tich cia hat tai.
Tt d6, hé so tuy cam L duoc xac dinh:

_ L1('—2+L2k)

L+L,+L, ®)

1
27JLC

Tir biéu thirc (2) ¢6 thé thiy, khi duong kinh d cua dia kim loai ting thi dién dung cua tu dién
tang dan dén tan s6 cong huong giam. Két qua nay pht hop véi két qua mo phong chi ra & Hinh
3, 1d rang véi duong kinh d cua dia kim loai bang 50 um (phd hap thu ¢ hinh 3a) thi dinh hap thy
¢6 tan s6 nho hon tan sé cua dinh hap thu cia MMA véi dudng kinh d cta dia kim loai bang 46
um (phé hip thu & hinh 3b).

Trong nghién ctru nay, ching t6i sir dung graphene nhu mot 16p nguyén tir carbon v6i d day
0,34 nm theo mo hinh Drude, hang sb dién méi ciia graphene nhu sau [16]:

Tan s6 cong huong f xac dinh duge bang biéu thirc: f =

g, =1+—2
g CU&'OA (6)
Trong do: A la d6 day cua 16p graphene; oy 1a do dan cua graphene. PO dan cia graphene
dugc tbi gian nhu sau:
R =
%o = 2h? (w+ 1) Q)

Trong d6: Er 1a mac niang luong Fermi; w 1a tan sé goc; e 1a dién tich cua electron; h 13 hiang
s6 Planck rat gon va I' = 0,151.10™ rad/s (~ 0,1 meV) la tdc do6 tan xa [17]. Khi 16p graphene
duogc dat dudi mot dién thé, mic ning luong Fermi Ef s& thay d6i va do dan cua 16p graphene
cing thay d6i theo. Bang cach diéu khién dién thé dat vao graphene sé thay d6i dugc do dan va
hang sb dién moi cta graphene. Mdi lién hé giira dién thé dat 1én graphene va mic niang luong
Fermi Er duogc xac dinh nhu sau [18]:

7Ny A

=hy, 8
:uc F et ( )

S

Trong do: w~ 10° m/s 1a tdc do Fermi trong graphene; &, la hang sb dién; & la hang sb dién
moi cua vat liéu dién moi; Vy la dién thé dat vao graphene va t; 1a d6 day 16p dién moi.

T biéu thirc 4)co thé théy hé sb tu cam dong luong cua ludi graphene phu thudc vao mat do
dién tir ty do. Trong khi d6, mat d6 dién tir tr do cuia ludi graphene c6 thé diéu khién dugc thong
qua do dan ctia n6. Khi muc ning lugng Fermi ciia graphene tang dan tir 0,0 eV dén 0,5 eV, do
dan cla graphene ting, mat d¢ dién tir tu do tang. Dwa vao biéu thirc (4) c6 thé thay khi mét do
dién tu tu do tang thi hé s6 ty cam dong luong cua lu6i graphene giam, do do hé so tu cam tong
cong giam va tan sd cong hudng ting. Két qua ndy hoan toan phu hop véi két qua mé phong da
dugc chi ra & hinh 3. Nhu vay, bang cach diéu khién dién thé V, dat vao ludi graphene va 16p

Tap chi Nghién ciru KH&CN quan sw, 92 (2023), 107-113 111



Vit Iy

kim loai lién tuc nhu trong hinh 1 c6 thé diéu khién d6 dan cua graphene va do d6 diéu khién
dugc tan sb hip thu cia MMA tich hop graphene.

Céu tric MMA dugc thiét ké co tinh d6i ximg cao theo phuong Oz, do d6 tinh chét hap thy
clia n6 van giir 6n dinh khi goc t6i ctia song dién tir thay doi. Két qua mo phong phd hip thy cia
MMA tich hop graphene khi géc t&i clia song dién tir thay d6i dugc trinh bay trong hinh 5 cho
thiy tinh chét hap thu cia MMA tich hop graphene van giit 6n dinh khi goc t6i ting cao. Cuy thé
trong truong hop phéan cuc tir tinh chat hap thu van giit 6n dinh khi goc t6i ting dén 70°, trong
truong hop phéan cuc dién tinh chat hip thu cia MMA van giit 6n dinh khi goc t6i ting dén 50°.
Trong trudng hop phan cuc dién khi gbc téi tang, tan sb tai dinh hap thu van khong ddi tuy nhién
cuong d6 hap thy tai dinh hap thu giam dan nhung van dat dugc trén 80% khi goc t6i 1a 50°.
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Hinh 5. B¢ hdp thu ciia MMA tich hop graphene véi cac géc khdc nhau ciia séng t6i:
a) Phan cuc tir TM; b) Phan cuc dién TE.
4. KET LUAN

Bang md phong két hop voi mo hinh mach dién twong dwong, ching t6i da ching minh duge
rang ciu tric MMA véi bo cong huong la cac dia kim loai tich hop v6i lu6i graphene hinh dau
cong c6 thé cho kha nang hép thu gan nhu tuyét dbi trong vung tan s6 THz. Tan sb tai dinh hap
thu c6 thé duoc diéu khién thong qua tham s6 cdu truc 13 dudng kinh dia kim loai. Bén canh d6
tan s6 tai dinh hip thu ciing c6 thé duoc diéu khién thong qua hiéu dién thé dit vao ludi
graphene va 16p kim loai lién tyc. Khi hiéu dién thé nay thay d6i din dén ning luong Fermi cua
graphene thay d6i. Khi ning lugng Fermi ciia graphene tiang dan thi tan so tai dinh hap thy cua
MMA tich hop graphene ting dan trong khi cudng do hap thu khong thay ddi. Vi cau trac
MMA don gian ching t6i hoan toan c6 thé lya chon ving tan s6 THz ma MMA cong hudng dé
diéu khién né. Cau trac dugc thiét ké dé co thé ché tao dugc bang phuong phap quang khic trong
cac nghién ciru tiép theo.

Loi cdm on: Nhém tac gid cam on si tai tror vé kinh phi cia Vién Han 1am Khoa hoc va Cong nghé
Viét Nam theo dé tai NCXS02.01/23-24.
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ABSTRACT
Investigating the resonance frequency shift in graphene-integrated metamaterial absorber

With great application potential in fields such as high-performance thermal radiation,
high-sensitivity biochemical sensors, molecular sensing techniques, and the energy field,
THz metamaterial absorbers have attracted much research attention. In particular,
research aimed at creating controllable absorbing metamaterials that can change their
absorption properties after fabrication through external effects is vital. In this study, we
propose a design for a metamaterial absorber that can change its absorption frequency by
integrating a graphene mesh. An external electric field can control the resonance
frequency of the structure through the Fermi energy of graphene. The MMA structure is
simply designed consisting of gold disks placed on a graphene mesh. Simulation results
show that the absorption frequency is controlled from 1.67 THz to 1.9 THz corresponding
to a change in the Fermi energy of graphene from 0.0 eV to 0.5 eV.

Keywords: THz; Metamaterials; Absorb electromagnetic wave; Tunable.
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