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Abstract

An analytical aproach is presented to solve the problem of an obliquley plane-wave impinging on two sheets of biased-graphene with a static
electromagnetic fields for providing physical insight into the graphene anisotropy. It is firstly shown that anisotropic behavior of surface conductivity
of a biased-graphene sheet can be modeled by Drude model form. Using such a model, an analysis of the plane-wave diffraction by a graphene-quartz-
graphene structure is developed for various incident angles of TE and TM polarizations. The reflection and transmission coefficients of such a structure
are calculated for different values of graphene’s chemical potential and thickness of substrate. By studying the calculated results, it is found that using
such a structure leads to polarization rotation of the incident plane-wave. This rotation angle for TM-polarized plane-waves is larger than TE-polarized
ones once the incident wave is obliqulely impinging on such a structure. Finally, by proposing a new unit cell and changing the chemical potential of
graphene sheets, an ultra-broadband (>190%) and tunable absorber is designed and numerically simulated within 0.1~7THz. It is shown that the
proposed absorber has an excellent performance (absorbitivity > 80%) for both TE- and TM-polarized obliquley incident plane-waves once the incidence
angle < 80°.
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Introduction

Graphene properties were introduced in the late of 1940s and the first few graphene-based flakes were produced in 2004. Since this achievement, there
has been a considerable studies of graphene-based structures in electromagnetic systems for microwave, millimeter-wave, and terahertz applications [1-
3]. In this work, we firstly analyze a graphene-quartz-graphene structure under plane-wave incidence and then study a tunable polarizer for TE-and TM-
polarized incident plane waves in microwave frequencies. Finallay, by optimizing a slot pattern on top graphene sheet and tunning the chemical
potentials of graphene sheets, an ultra-broadband, tunable, and thin absorber is proposed for THz applications.

Proposed Work and Methodology

An analytical method is presented for solving the problem of an obliquley plane-wave impinging on graphene sheets biased with the static
electromagnetic fields. Such an analysis leads to providing physical insight into the graphene anisotropy and its flexibility. It is shown that a tunable
polarizer can be obtained using graphene-quartz-graphene structure. In addition to, by proposing a new graphene-based grating on a quartz dielectric
backed by another graphene sheet, an ultra-broadband absorber with high absorption is designed. Unlike reported complex graphene-based absorbers
with metallic layers [3], in the design of the proposed absorber, metal plane is replaced by another biased graphene sheet. Design of such a simple,
reconfigurable, ultra-broadband graphene-based absorber as well as presenting plane-wave diffraction analysis of graphene-dielectric-graphene are the
main novelties of our work.

Conclusion

The potential of a quartz thin film sandwiched between two graphene sheets is studied for indicating its nonreciprocity and tunability. It is analytically
shown that such a structure rotates the polarization of any obliqulely incident plane-wave. By applying a new periodic structure and optimizing its unit
cell's dimensions as well as changing chemical potentials of graphene sheets, a controllable and ultra-broadband absorber is designed. Using numerically
simulations, it is found such a thin structure provides a absorptivity more than 80% from 0.1 to 7THz. In this range of EM spectrum, the proposed
absorber performs efficeintly for a wide angle of TE- and TM-polarized plane-waves (0i, up to 80°).


http://doi.org/10.22034/tjee.2025.62907.4875
mailto:Booket@znu.ac.ir
mailto:Bozorgi@znu.ac.ir

VY olo ojless

VFF 50l oV o)lads B0 Al e 55 olRils (5 (gwdige aloxo /FAY

— ol yS LSl by dg s 35 215 Wilena] 8 Bl 9 (5929, ke iy iyl el ouid puodd
=1k 9 Julo (81,5 55 198

&59.] ‘;@) S golxo
OInleales ol olRails o((guwdige 0aSiilS) 5y (wiige 09,5 ¢ jLutils

SR e

Ol el el oBails W(owiige 0aSiils) 5y (gwdiges 09,5 o Loliul

US>

oy &l pueblise g (S SISl sloylage b o8l 555,168 815 51 JSicie Jlisle 4y hle slamis zae 9,95 Judow gl (b9, e ol jo
58S das Sble, g5l Joe gl Gl co 9950 Joe a5 84 e eals lid daml .ayT sy 6kl iz (60, Sileeals b, 5l Sojd i b cel
B9l Julow alisee ol sblsy s TM 9 TE (slojiudad b glamas glsel bile (il cog js5de Jale ( Jow oz SaS 4y b 0gd oolanul ool bl
S syt b 95 on Al &Y i (sl 5 S loands Joilty chlishe olie (sl 5 ez JUEST 5 bl el o

S5 TM iohad b glamas zlgal lp (i3 2 agly () 05d o0 (ol Slamas zlgal (iodad ;s8¢ (i 2 4 e g sl s 4S840 c0 astiee
loord Joaily s g oYL 815 axio (g5, p OIS I gl ool sloul b diles aidl oo Bl ble (il oS Sloj el TE jiodad b zlgal 5l
aS ams o lias oo plosl sl siluand 0sd o >k 0.1~TTHZ o3L ,0 aojohe 5l s i lie b pdyeaas 5 wibipesl 3 23l (315 Sl

)1 285 Jley 23> 0 Slee TM g TE (sl yiodad b glasao zlsel (sl az joh 5l iaS 20l aygly sljl 4 (golpainn L5Lo

souls lols

P eadas Wbewal @ el Gl gl JLislu (iodad oaies oS (815 axas

(el sy p; (sg; oo snilis L8l S Slas pwdige b dws Cawyy
Sl e ey e sla T b esrae Gl @ s
Sgdse ol bl g sl 5l a8 wies LT slais,s da bl
Dol b e ilS3 Gl wilsicoe wslite (il Sl o
Slamio glyal b Cov a5 8y axsl amals [Ye-10] Luls 3 bl
T omilS 5 Gl il (Sl (8 pionlsss s & 5 565 on Sl
oS 81 g IS L sy ok ol 5T 500 0,10 (5 sl ]
Bd> g (GBIF Slos)5 2 50 295 (S ble axmbo ol B LS
Sro & Su35 a2k ol a5 (52 slaosl o plgee JUI ol
il sl M LYY ] il s i i (S L3l 4 05 e
Sl 0as ools GJLQC).]o w0l h)l35 @Yl yo LSJLQ&.JQ'D Oz &b sl
ooy oolazl [YY-YA] sl § Slasboais 815 slag jllagl jo a8
30 Ol Jie) w9 bl iz 5l Slaman ‘L_,,JLE;:.;‘ Tyo B> Gyl
ol 5o Silg e a5 assl LYY 4 YOI o)ls 3435 o)lgen wgline tsle )
arao jleslaiul oy g 4l aeS wsle (g Lele (b il oyl le
el ol il sl 5 iz Gl b il @3l (sleesky sl UL,
Fble Glamao zgo 0,55 5 380 Jolow a4y s pl5 o i ol yo

SR MMe i s ol ol
Bozorgi@znu.ac.ir : Jgiuws odius g5 Juos!

VEY 0T e Jlo )l 2,5
VEYT-AIY - callie Dol (o) 6
VEYN Y i B pd full

PRV
Culs b gl gl oo ol cdlS 6yl e Gk 5l S (8,5
— e o8l )T sl (65055 AY ASS 50 ol onz () lags! 5l (a3l
5620 ez b s asile (T o bapys Sl g cenl Sho sl SISS L (UL,
9 039 3L sl Wlgioe 58S 50 (G956 2805 25 (plplh citen
Ok ol 3 caboliieg iSUL s, [V ] sl ansls g5 Sasile, cosls
2 85 4 yazie (Pl @S e )8 WLl Cod o a8 was e
3 4 paxmie ol [FY] oo 5als s giterdezse slaguls
oy ey b b 695 Slsdl dnwgi 1y Slim (slosle 4y 1) )T (ol S
ol piyeadans Sasle, (il slacawlis 5l (S V] el os,5 Jos
639 P19 i b 9) (omablinieg 2SIl (Wbl (l5ee et b il (o0 45 el
e BT Gl (asmes Lty 50 5815 (oleerd il oelass Ji ]
b liag iUl (gl Ll 50l 40 b5 a5 el 00l s 81,5 S9!
ks LAV T il (las )l a5 058 (3158 LS iy dgpelas
Loiyls [VE g VY] (glol, adaiio o 20lS b (s5lolesy 5 VY 5 VY]
5l Slamboniz gla)lisbe (cubling iU 580 oo 4 5ls onl 3929
O3S waz glo )5 51, (a9 w0 a5 0yl dezg eads ubl 815



VY olo ojless

VFF 50l oV o)lads B0 Al 5 55 olRils (5 (gwidigee aloxs /F0

s Gl LBy Lly) &jpar g sl (9 5 9lSn (1555
1
T=—
2r
eBy?:
o, ~ oV F )
ﬂC
QT 5o as’ ‘da.,..ﬂo‘oznselusb)}.ag )..4 u.d‘; Ja...as...a ;.\.L;‘L.:)
. 2 " e 2 2.2
S pmem k3 oSk € oo JSa n = 42 | T2

*)

Ol o by o aites e Gl LES () 5 (F) Ly, o5
0l bl (88 Fosle) jeuss sl polie il s « S sl
oz VUSS 50 g 00l dewle ((B) 5 (F) Lailg)) 9950 Jow S5 o
s ol (rwcoms gl il ouls ools Lis (1IGHZ~10THZ) 15 3
ol oads o)155 JSE pl 50 b 9255 Gudo alal) 5l sanl Cewsy polie
B e 59 ) ol Sl polhe 353 e atelie o gblas
2 95;0 Joe @l 5l gl @ plgiee alnly 5l SRhnenl (g9 Sl

Dy o 35z 9e 5,85 balile 5 b by jluand

Reig. }

conductivity(mS)

2t o
S R
4 R .
10° 10" 102 10° 10
Frequency(GHz)

39 (bghas) 3953 Juwo 31 Juolo 0uid bl cpudl S (Fasily -) S5
oyl i e (o 1) 9395 aasly 31 ol a8y olio by dumw Lo
T = 300K ¢ By = 1T . n, = 103 cm™2. pu = 5000cm?/Vs : 3 §

S oi i L Jalos 3 allune gisJpo s -Y-Y
L aS oS oo 5 50 o] (slad jo 1y sl amisgo ¥ S sillas
o8l S lomio 5l (S aileads Wbl By =B 7 (Sle gebliae plae
(¥ S Slio ol G g Sel 0als Bly z =d o 6,504 2 =00
Cod ) e )0 s laio zge o)l S8 £, =382 L 5 )lS Gile
sk a2 =0 o gl T ambo & Z e 4 i O, gl
) NEes gae by ogee 5 ulee glaaddse o3 wk,
sl k, =k X &Sl o b (kK Fofug, s k =k +k.7

) 3k e (™) Jinl e (E7) b e (oS slaglae

Lome ;3 (£ ) iS5 9o 5 (B ) &, g9n (oSl 5 5 (E7Y
Y] el OV B A) Lolg, b ply s 5 4 poo

Einc :E(z)'nce—j(k)’;”cx+k£"cz) )
— — _ coptran tran
Etran :Eémne J (kM x +kZ ) Q)

EY :E*Orgfe—j(k;‘?fx—kz’efz) )

B S8l S aman 90 G &S (5,155) Gile slaY l YK g sl
o bl (315 bl abaly IS cpl gl 0ed g0 aBls (sl a8 F
SIS Ble 5 ol lxio b e Lulyd Jlasl b 5wl e Sy
E50 G 159 bl 5155y o el 1 JUal 5 Skl
TE _iwdad £55 90 51y Slewlns ol 09 oo dumslima 4] 4 s (glamin
5155 Y Calies BT izen 098 o plosl a5 Calises sblg; ,0TM 4
Ol gbos o)y JEET o 22 53 1S 00 (bl (bbbt (loss 5
Ol ool Luls cou sl ol sl s [0 a5 04l o0 ool
Oygeay odls ol [Lsle a5 (gyskay oo s 1) b e iudad
@55 Sl bpgd 0 S e (69,93 2 gae el 0w s
phpell Q3 Vb S axio 9, » 2l GBS sl
3ol oo Jelow a5 050 (b bl (e azmio (5 5 3l el
odls i (gilwand 5l Jols gl 4 4> g5 b 098 oo 00laiwl CST l5806 5
58 05l 0 doyo Ar (YL i el golpeiy LSl 4 0ed e
S5 a5ly U glaans g hle (b 50 .0l (s0g0e (Wb ;0 1,0.1~7THz
2 S bl 6l Bales 0)ls (255 Sl (23l 0 Sles caz oA
Ble olma @ LEls 55 0 b Gble, 3l GlaY (818 Glxis I S
ol gtsle iz goue Jdsw b as cal aid 5108 55 Si0; cosSlas
4 g Bl Sgups i Gl (D3> (5,5 wilS B o5l yo AT 8ed o old

Sy o0 o Juo 0 3 e

15— 5 5ls5 - (dl S LSl Julos =¥

e 393 Joo b oo (ubl (81,5 (ble) jpmcs il 25w 5o
Slmen [Tl 565 alal, 51 Jol> polin b a5 59 0 00ls (lis g 348 oo
el (el (g, 5o (8l 3950 Jae 5 eslitul (sl S el el
DI sileanet 3 plaebl Jyax Grizes 5 G855l
ol CST Jl3le 5 5o solpiioy udl,S

ol Ul abuly -Y-)
eblisn Gl b aS 2 =0 amio 0 Bgyke 85 amio sly
S s it oy Al el ot bl By =By oSl

l; | ).g|)_>
J=0.E W)

V-1 0 o s (V) Ojgm 0 0pdl 5 (Sasile, s (o j0 a8

= - . M
=o1 J

T= Tuals ¥y o) (1) ala) o a5

I =5% +yy (@hp)

J, = 9% -5y (@)

. . . . ot S i & fe.
(50 e oo Sloilgn iy i b g €7 Gloj (Sl (18,5 a5 oL
SIY 655 oelde (Tl @ld Sasly g5 wp~10%m /s

o 355 Al 514 o g oy Mo oliend Jaily 5 1P =2heBy

wonibigys sladjbe (85 A o LS 5 g >>L (B8 L S (o
IrV] wais oo ool (0) 5 (F) Laly, &g

0, (@.8)=0,——-1 )

(@,7) +(1+ jor)’

o,
o, (0B)=0 ; ()]

“(o,7) +(+ jor)

O 5 Sy ooy T ol Lawgie Fasly 0 ol o &



VY olo ojless

VFF 50l oV o)lads B0 Al o5 55 olRils (31 (guiige alons /FAF

ol 185 (V) alyl) cslamin oo 20,0 sloaddas sly aS B8] 3

,=Z.(H, x2) B ARD)
2l oo Camway (YO) alal, | 2)5,“) Ol e as
= o - 1 -~
z =2 - — kK, (¥0)
kz kO
abl, wsb oly] slas o glamio zge Sk, =k ¥ bys Jlasl b
o 1, (V)
k
=0
= = e,
Z=Z= )
0 e
k

abayl, il (pgo daore i) Gile (i 5l slY o Slaxas g0 ST,

:p.i)lo l) YY)
k.
= 0
= = wE\E,
Z=Z,= Y)
0 Dty
k,

g |y (YA alasl, s oo «(VE) byl 51 a8 el o SlolS
=\ - YA
(z) E =H x2 &

o)) V) 6550 by 45 (YA) Jlacl b a5
=1 _ —1 — ) i
~Zp By +ZZp Eyy+Z0 ENC—Zo EY
’ ’ _ (Yd)
=0.(E,o +E,,)
o3 (O byl o o8l Sl Sl b o b0 5|
E:o,l +Et0,2 = Eti(r)w +Etr:f )

i yse (FV) abaly 4 (VA) 5 (V) daly, SoS @y (i
=-1 =-1 =-1 =
~Zo Ey"+Zy.Ey,~Zp .E,,=0.E" )

bl pules 1) (YY) alasly oY) jo boylose (108> 51 o g

==-1 ==-1 .
~an —j = —jkopd
~Zo EfMe L7, B, e
'v)
= kepd T san —jkod
-Zp .E,e T =0.Ej"e

eyl (Vo) aluly &y azgi b
Eq" =E, +E,, )
alal) & oS 6,05l (FF) alaly o 1, S 2SIl slag e ysolia 51
sy zo (FF)

Jzpd *H

ctran —jk,d —Jjkzpd =t
E, e =E,, e +E, €

(Y0) &Y¥olre 4y lgige (FF) 5 (VV) «(F+) «(YQ) dolas jlez 5l 05551

sy (YA
E,o, =T,.E}¢ )
Ezr(ff = 1"21-5;'(’)“: %)
Ej" =Ty,.E,, V)
E,,=Ty.E,, (YA)

Voo 0 0 Slskg jee @ b cud i Ty 9 Ty of o a8
@ ¥ b 50 50 QUL g e @ bogiye Ty 5 T a5 Jl> j0 el ¥

E] :E40,|e_j(kx’1x+kz’12) o

Ez :EO,zeij(kx’ZX%Z’zZ) AAY)
ol L OD) s OF) Lulgy ez =0 550 50 (5550 Lyl Jlosl b

Zx(E, \+E, ,~E" ~E")|._,=0 )

z ><(1_71,1 +Ht,2 _[_}tinc _Htmf ) |z:0: o-'(Eat,l +Et,2) |z:0 aH

M= H = H3 = o

X
WY 5 Lt le & glaxio zee Jolo il iWlace 31 olei ¥ JSC5
5= 5 )lgS - dl S

(315 2 low) (oSl plase (2550 allge ouiaslis 1 g5

- o0 oolaul Llgy jotran g ref dnc s wmsVb l dslol jo pisren ol

(A Ly, Jloel b aztes JEsl g OBk il ke cus 5 4 45 ogb

Jol (513 5 Gekas by 3k (V) gp0 by ;0 OV 5 (V)0 0)
g8 ee Jol> (18) 5 (10) &g

Hl_ :Hr =a (o)
6=0,=p4 (o)
k_p:sina 0%
k, sinp

mol sl pgs bame mos o ki, =\ [HE)E, =k €, &S

g e Jol>
ko =k, =k =k =k,sina=k, v
ke =k =k cosa=k. OM)
k. =k., =koy/é, cosf=k, 0%
ol ez =d s 6550 bulps Jlesl b
fx(gfm _Et,l _Et,2)|zqi:0 )
Z’\X(ﬁltmn _ﬁt,l _ﬁt,2)|z:d:0'(E~tmm)|zﬁ xH

S byd 13 (OV) 5 (V1) 5 () Ll Jlesl b 51 ey by 5ol

9 (0 =a) osdse plp 2550 oo wgly b 55 Gome Toe agly (V)

il go Cawdy 2 50 (YY) 5 (VY) Ll &g JUSl g jlo p (sloailge
kM =k sina =k, xv)

k"™ =k cosa =k, a0}



VY olo ojless

VFF 50l oV o)lads B0 Al e 55 olRils (3 (gwdige aloxs /FAY

g on oaalin VUSS 50 (slazmio 9o (A gl o p Jol> b oS
G 3l3 Gl L oS S e ¥ US55 ol (slloges 4 425 b
Moo Rl s 4 b (S Sl Glane (o adlge TM kb 5o
S5 e85 ¢ agee Ll (S S e 45 0500 iy 22 B s
eSSk oslal g jlade o ity & JUES! Gliee S (nl 53 098 o0
3088 Glaygly ¥ S 4 4z g b az ;0 VO sga aygl3) du) o0 995 laie
gy & dysl nl 5l el g dgl wlie s o & Sl ool o
@ 4 o zge o s 0gd oo wgSiae SUSL g JUST ol po Sl ks
z=d R amio bl 5 2 =055 (35 amio b elee S o
3 &l o315 amio 5l a5 298 o0 Se05 (A (g e SO
Loy 4253 00 390 gl ) oS SlisF & )8 S92 (6598 e 2 =d
Lol 522 Sl 5o 5 00l (oSt JolS sk zge 45T S g5 o0

140
. — = =d=1.7mm
P 120 d=2mm ]
E masamsmem d:2_3mm
@
2
< 100
c
L
kS
o 80
8 |

60 " N L L

(0] 20 40 60 80
Angle of Incidence(deqg)
(«h
0.6

© o
B 4]
.

Transmission Amplitude
o
w

0.2
0.1
o ] ) ) )
0 20 40 60 80
Angle of Incidence(deg)
(<)

JUL aiels () 3 Gl a9l cumn 3 i 52 gl () —F Sl
299 7,95 Sl ¥ Colid Ol i b 90,8 Gl 49l com 2
d oo 51yl wolie (B, =IT .f =30GHz &, =3.82) TM _jiukad
el S8 32 (@) KB 2 HIoged STy 9 JS Lo b () o

Ol & Glamio (s (B (G 5B iz 55 Syl @ ez b

S S sla e ans oo s |y JESIL 5 5L gl ik il oo

Toe Jhr Saz &5 b 0 (8S 5l GB3b g JET glgal (punbline

4 S @SB aygly b glizge Hlop  ogee glamis jo el ol Lyl

Ol G agly alaly Sl i0ee goe 2B Aly WSz o0 Sy

05 4z Wb I Gl 6l 08 ale (lgior 65908 9 (U (S Sl

st e (FA) &5 blisee gladilsa L D 5 a0 oy 50 0 aygly o5

10
real (a.b
0s @ = # (fA)

lall-lbll

cd d Jop sl ||dl=Afaa skl alie Llisw s, o ojlal as

d=aX +a,) +ay7 Noo lalises sloailga b o 50 55 0y 3 g

-1 -1

T, =2Z0.(C+Zo )( +T)
21 . 32 (vq)
+Z, (I, -Ty)"
=-1 =-1 . .=
U, =(Zo ~Zp Ty ~1).(Ty,+1,)" +0)" .
=1 =-1 . .=
(Zo+Zp Ty —1).(Ty +1,)" ~0)
=-1
T, =27
Lo (f1)
(C+Z, +Zo )’lef/(kz”sz »
= =-1 =1
T, =—(+Zp +Z0 )"
p i) o
(c-Z, +Zo )eizijpd

5550 Z =055 &8ly (85 amio 4y (25 zge FJSS 4 4z L
amio 3 o2z (oS Glae TM Gidad )5 oS5 sk WS o
als 5 e S i o5 S a3 e A X

30 9 bl Olaise olfiws jo o oo, addgs Ojgo (pl Ho w)ls uxly
el (FY) &g o) S (glad

kL
E/ =—=% (v
kg

Lly) o0 Sl slaghiss nlo plgs oo (F7) alal; rsls L oS

3 099l gl 5l eoliiul b oged e iudad ul jo 1, (YA B (Y0)

didge O ygo0n 40 a5 Cal dle B (S SUl slaglase (5 970 adlge

GBS leS-08lS Sl g g Uk (SeSIl sl 2
Dgb e hol> (F0) 5 (FF) &9

Transmission Amplitude

--------- Reflection Amplitude

o 10 20 30 40 50 60 70 80 20
Angle of Incidence(deg)

Slr G aglh cans 2 O 3L g JUGH Gl s ojlusl Y S
9 By =17 (pwablio (Wbl Coil (o3l )5 35195 - (5 L L
7=1.84x10"%s cn, =10%cm ™ (g, =3.82 ) TM kel
d =2mm T =300K .f =30GHz .y, =037eV

Lo k ,
VEY =0=EX :k—"Ex’%f (f%)
VEtlm -0 Etran _ kx Etran

. =0=>E,, ——k %0 (£0)

L b5k o JEsl e Glsise (plare sloadlse (solod (yiils b (5S]
3,591 Cawds (FY) 9 (F£) & 500

T:|ElrM|
_\/Etran 2 Etmn 2 Etran 2 (‘:?)
=ylExo [+IE o ["+]E, |
r:|Eref |
tv)

=JIEX P+ |E P+ EX P



VY olo ojless

VFF 50l oV o)lads B0 Al 5 55 olRils (5 (gwdige aloxa /FAA

S8 R L loges 000 (222 gl il sl S e oS
Sl g s zoo aals il jo cwublise bl Ol s ioren .ol
el B (ial38l wgd oo osalie JSK& cpl o aS 4igF lan sl 0dl o0ls
A Shee 50 wnlply b e axly Jlade 4 Jlasl als ol Soo 3
TM iodad b zge olg5 oo ls iol38l 1) cuoblise bl olsi Jos bl
LTE (kb U g o 315 00 (bl 55155l S 435 3L

255] Sty S 4 SG35 jgue aials

120 T T T T

Rotation Angle(deg)
© o =
o o o

0
o

~
o

100

(&

-

o
o

o
o

I
N

o
o

Transmission Amplitude

o

0 20 40 60 80 100
Angle of Incidence(deg)

(@)
JUL aiels () 3 Gl a9l cann 3 i 52 a5l () - Sl
)TM iadad )3 5 (whl Ol b 9058 (ol 15l conm
L (AN 0 B owds &yl polie .(f =30GHz «d =2mm g, =3.82

el 158 9 5 () S (gl loged K5y 9 S ylod

-SS LSl 4 TE iodad b slamis zgo (b b dlluss Judow @ J>
ey S e Sl Gl 5 o psn oS BS54
abal ) ()] gl g asels (581 g 0ls adlgey jgme Cgz po i il
ol 1, ()
Etigc :E‘:é'nc :J; oY)
Lils)) w20 S slaglae plo Glgioe (V) alail, 5l oslinul
3o lae (65900 4dlge g dged duwlxe TE iohad o 1, ((YA) b (YO)
oy O3l g JES! asels Jlogas (FV) 5 (FF) Lulg, 5l eolaxwl b
odslice JSo pl o aS G¥lan sl 0als gy VIS [0 LWl al;
zoo aels TE yidad b 20l zge sl (b augly (aalidl b aS oS 00 oo
V) 5o (SO S lase UKo @ azgi b eaST ol jgue dals &l s
Gz sl 9 908 AlS 5 oS oo dlone 3 ) 2552 al; (0) alal,
O @l &S S o0 oy TE (tlad )0 (il 4yl o | JUil g0

IYYT S0 o Gy o5 (FR) & jgm b =byF +b,0 +b7 4
3
ab =Y ab; (f)
i=1

S s 4 S (5 (So Sl Gl 5252 sl Gl
ebes Jol> (00) &g (2
B al E‘inc.E‘:tmn
Cops dald g ((00) aal) iz > agly Slss F BT Glo S0
olis badlge S p id b ol agly a1, ((FF) alal)) i)

) )

.A.m.)‘sn

®
o

~
(=}

D
o

0 20 40 60 80 100
Angle of Incidence(deg)
(<l

o
o)

o
o

N
»

Transmission Amplitude
o
w

0.2 1
0.1 1
0 \ ) : .
0 20 40 60 80 100
Angle of Incidence(deg)
(@)

JUl aiels (@) 9 Gl 42915 coms 2 (A3 52 a9l (AN -0 U
)TM (Giadad 50 g (puilS 13 Ol pund' b 9058 (Al 4295 o 2
oled b (&) jo [ ouds &Iyl yolie (B, =1T «d =2mm (g, =3.82
el 5158 55 () S5 6l sloges ) 9 S5

Ty S plaee F B Y lajloges p3 a0 (232 aly o
09> T9o o 2 097 9 99b s Sges (U Toe (S S Blee » Jlak]
TE (5)5:¢ oo iwhad sl dg0c 50 odd adly X — Z asan ;o a5
555 Ble 5 35 ggm ks ol Ll S 53 e 4 35
55 Ll § WIS e e TE a5 TM 1 81,5 amivorgs (yas o seibes
S (o0 )18, iekaS oim s Jie
Toe 4kl 9 (oAb gge Gralad ki 50 Wlg e &5 glo el 5 (S
Gy FUSE o o5 canl 5l ho Y Culis )5S Lol Jl
Sl zge iy dpsl (GUINE USS ol 0k s 1 cilies slacuolies
oS psbolen s o (i (S oo sy w1, Ol aels ()F UK 5
@y FS Y ekl Calid p3 weloe svslin JSO nl 0
50 09 0 Jols /YD sgu> e aials b Jl zge a0 15 >
00D sy b G5 Ty ST 2 o8 SRl b (el e
39 g0 0ol Cl> pl jo sl o osls LiS O S 5o )l gl a5



VY olo ojless

VFF 50l oV o)lads B0 Al e 55 olRils (5 (gwdiges aloxo /T4

d soss &1yl yolie (B, =1T .f =30GHz g, =3.82) TE _juulad

el 158 5 (AN S (gl yloged STy g JKb plea b (@) o
140 T T T T T T T T

e
n
o

jry
[=]
o

o]
o

Rotation Angle(deg)

@D
o

B
o

0 10 20 30 40 50 60 70 80 90
Angle of Incidence(deg)

(&)

o
[¥)

o
-

Transmission Amplitude
o
o

g
o
a

0 10 20 30 40 50 60 70 80 90
Angle of Incidence(deg)

o

(*)

JUSS! aiols () 9 b 415l5 o 2 A3 52 a9l (AN - JSCs
)TE (iadad 50 g (guilS 13 Oy’ b 9058 (ol 4915 o 2
aba b (0) 40 [ ouds &1yl polie (B, =1T od =2mm g, =32
ol 518 5 (W) IS g2 ylog0d ST 9 JS

130 : T : : : : : : -
......... B=0 o

) p—— ) 3 i
2 110 =
o [ ======-B=12T shaasnasvensssaverd]
o — — -B=16T e
< 100 [ - -B=20T - T
c i
o
ks
o
i

0 10 20 30 40 50 60 70 80 90
Angle of Incidence(deg)

(b

1 . . T T [ ‘
8 FEEI=T==—==
Sosf R |
< 06 N |
c \\
5 T 00n gy, ™
204 T — 1
é o, N
@ X
c R L L L L LT T T T T “\
S ool e, N i
@02 L “ \
= "rraee,, . \\

0 I I | . . | L)

Angle of Incidence(deg)
(<)
2 ald () g G Agl) coms p (iS 2r gl () -+ IS
)TE (piodad 55 9 (bl Ol pdi b 9058 (il 2l oo

L aS 0gd o0 oamlin A JSS jo .cel oaalie LB Ve B A o i j0
ORIB Sz gl (Gl aly e 50 5l Sl 4 Culis gl
soee akald a0 15 > ayely o el Col Ly 8 jge aals Lol il oo
Sz sS Jls 0ads Jol Gloo Y Calid ot Sl o oS lpsd 092g b
Ol alie 5o GulS R Gl aS oS e edalie 1SS o ol
ol Vo S 50 sl Cewdy (o gl aiS o ,ld) Slee 0¥ Culs
omablioe bl jlade Eal381 L Sl Yo by F ubl jo a5 aes oo
2 oS o0 omlie wboe GRIE jsee aals 5 S 22wl
Gz sy 59 S 1Y blie bl jlade b (lae oISl S50

el Al A A S0 e atald pile oo dx j0q e

1 T T T T

Transmission Amplitude

o) s s L L
(o} 20 40 60 80 100

Angle of Incidence(deg)

Ol = 3l = 8l 5 Sl S5k g Hgee delo -V USCS
YTE Gioksd 9B, =17 (ueblite (ol 55 ot 43915 comn 2
of =30GHz . =0.37eV «v=1.84x10"s cn, =10"cm™>
(&, =3.82cd =2mm T =300K

-
=
S)

—_
n
o

—_
f=]
o

[o-]
o

Rotation Angle(deg)

(=2}
o

1 I 1 ! L 1 1

0 10 20 30 40 50 60 70 80 90
Angle of Incidence(deg)
(lh

I~
o

—+——d=1.4mm
------ d=1.7mm
d=2mm

« d=2.3mm
005} - d=2.6mm

Transmission Amplitude
o
o

0 . . . | . . . .
0 10 20 30 40 50 60 70 80 90

Angle of Incidence(deg)
(<)

3926 4wl () 9 Wb A gl) com 1 i 2 gl () —A S
399 5595 (Sleo Y Cowoldud Wl i b 90 52 ¢ Gl 49l s 5



VY olo ojless

VFF 50l oF o )lals B0 Al 3 5 oy 5y (qwigee aloes 1O -

39S s Y 5 Cwelbes b gy olal aSl e [voal A3 o S |
9 Sk sl GRIP 5o ol 6L @ S8 s riyees Sl
sl b 5l wiz cuys lagsluans o ol (T U) Gir w2

A=1-|S,[ =|S,[ @)
ol ((F8) o T

(AN

Zz
L,
>
d

() (@)
YL 51 00 (©) (il Gglicn LS Lw 51 L5 sles () -1y Ui
b sty Jobw soln 51w () 353l @ b aaly Jobo
d Yy cwlrs

>

X

| o
e

2 = Analytical
= = = Simulation

4 //
) /
S

0 1 2 3 4 5 6 7 8 9
Frequency (THz)

Sl (gl (w58 s 2 (ISul) U3k b 0 Il 1Y S
iy 9 d=3pm ¥ 51 5 Coolid b (bl 55— 35195 - (1 )5
T 390 gl 1 )0 p=0.5eV (815 Glrio (o Lo

Slaxio

Reflection Coefficient (dB)

“FleS- oS LSl (35 Slmie y3 SIS WS e sl 5l LS
5| ol (Sl 5 oad (55lwdds so3e & yga CST l38la 5 SaSay o3l $

5 a8 ol ons awslie (L3 oy Ll Ly, 5l ol T oojlasl bl
Oz Silwand sl Y loy o iz e conl saalin BB VY S

L (A yo B oo 431yl polie .(f =30GHz d =2mm g, =3.2

ol 5158 58 (@) JS gl loged Ky 9SS plon

180

160

140

-
n
=]

8

Rotation Angle(deg)
3

(2]
(=]
T

S
(=]

N
o
T

0 1‘0 2‘0 3‘0 4‘0 5‘0 6.0 7’0 8‘0 90
Angle of Incidence(deg)
ligeo @le ly il @ gl cuns G 2wy -V S
) By =1T (quublio (Wbl 53 (181,85 Olio (o oo g gl
of =30GHz g1, =0.37eV «v=1.84x10"3s n, =10"cm 2
(d =2mm T =300K

Sisle ol o 1y 5l mle Gl Jdoay i ol sleasl o

o S S (20,05 ol8lL aS 54 g0 cdwlie VY JSUE )0 3lo oo
Gl S5 e i sl T Bk s 455,515 o e
55 8 o ar e Sz aly £, =55 6, =4 5 iy ale
Sl 513 (5102 1) 5155 3ol s oot &2 S TE 5 TM s

o

Wl D3 (53l g (>lyb wilyd =T

WSS LSl 5 95,0 Jue @l 5l Ol (b sl 5 ool o
ol b o5 oo ool s Ll L3 i 0 45 58l S 55 lsS bl S
wobte 565l 5 el oy Bi 8 S sloay cwnblise Wbl aS gl
s Mot 45 3550 oyl (el S i 5| Sy b (g, LIS ]
Sb,S K0 amio g wigh e ol axio ] 0 Cglie 815 slag
D8l e g IS 5 85 el g, il lagge B s 5
5 ot Gbluy Y 5l aS sgu e 8l S sladls S eolgiiny
g od 0olainl ISl jo WS e colatul LSl iy

Syga g CST (_g)bu )‘)S‘P): 5o l.bd‘)LwM “_ml> u}'[,.!a d.l?l,n BN
Gloole (3l 5 a8 05l s Wb cawl oals plowl axly Jolo (goue Julow
e Sy Cnl g 009 yho e (Faiile; Gl (e Cenlils e 5 Sangd
Gl il g e alize polie ] (Sl (20,38 (oo a5 84 oo
o polie dlons jl Sgtmd e lo conlply [YF] sl axsls calise
S 3 o1 Jsl i o S5bin Jolo oblS (KA 00,08
Og= 5 Refe}) (oSl 20,05 (oo ads polie pgo (ygiw calize
3 St yile (ol (mieh) ol (gogmge polio 4 by pses
a5 Sl s 98 oo (5,108 L CST Sl580 655 50 1.81,5 suax oole iy a5
i (ol oty osid) S bl 55 el o 5T %
WS g e (53530 (i le polie b) ol (o8Il (20,35 g po ol
5 sl 3l cpl (IS dwaie 0gd 1S5 wl yliEle 5 50 0T )18 )L s
Ao d=3um g Li=Ly=10um ,L>ls ol 5o .cwl oads ools oLis VY S
0055 bl a8 0gh oo osls lis goae sl don SaS 4y g conl 0uls
3l il 3 il sl 5 i e 1ol (loond Jemdly et 5 ]S



VY gb o)Lo..iv

VFF 50l oV o )lals B0 Al 3 5 oy (5, (owdiges aloes 10+

ol 2l jo Gile g 815 gobvaas Slals cel iy onyay cpl ol
S oo S8 0l 0 Sles 4y Aol )0 9 098

L
’ . I

1) (<)

]
c
[ ]
(&) ()

3l oy Jalas 53 1,8 G 4 oy 210 VP S
) =) tng Sn o 1 51 (5o (slo el 3 (solicidy
=YY wo=YIA =¥

100
-~ 80
=
£ 60
2
o
§ 40 === Step 1 e ]
g ||==sen2 "~
20 1 Step 3 Ny ——— -
0 ¢ Step 4
0 2 4 6 8 10 12
Frequency (THz)

G050 ol Comi il 13 s 9 i (4 o oy - VO IS
[(0=0°) glaxio zgo

K SXRNNRA
mE===T" L= LJ' M

o B, zlgd

Ll Zz e (55Xl <
SES

9 @3l asly Jolw o510 ouigh slow sbuwsl Zgo Juo —1F S5
‘Slody (roxr £989 50 (IS (Sl axio i

e a5 ol oY s b L3l 385 bl sl a5 col sgao
zoe kle (b asly (83 Slrie (alerd Jemily) (oS el

55 0 @l el oad ol Ly b o Jelos 51 2ty Sf3dle 5 o 55
Y 50 0 oleed oty (b £9y5 50 ) (293 e BllaT s,
ok olb Jola 5ise 8,5 L5 5 0.5eV il 5 L (b5
3 Ao o zls a4l ol 00,0l VFUSE o solprinn L3l vy
& IS8 adgl oyl as ol S8 HLLs 09l co (gwyp g ool ools Las dalsl

el 0sis Lol [Y8] )

Sl s le ilwaints 9 (2lib s g9y ey -F-)

D ol dlns 5 ol wly Jlo cilis Joe Ll 0

Y o5l Bl Culbrs g 0.34nm 815 Slrio Culbrs @l p 0
g g0 oadline VFSS j0 a5 jgbjlen .ol oals a8 T L 1o kg S
9 3 092y (GBS @ 9y S e (ANVFUSE) gl Sl o
St 5 LB i Ly, S 4 VWSS 50 8 Sl 5 5L el
S uls 3 0 adsl LEle s L3l o Slee .l oads Ldow goae
olis o S5, L V0SS 4o lamio zga $og0e il cov 0.1~12THz
ol 0,bss ol m3Y ST (sl (sl o5 & Lgy e simie) el o ol
ity g Sl 0 (5,8 B=0 355 Jote 53 laslotend ol 53 oS 352
Jloel (S0 3y &y sy 45 035 s lgiceo () (31,5 (lomsd
Sy LSl Gl o (8,5 amiogs aSul 4 az gl b el (315 4 0ad
o, Jlas! Slorio ol & ailflam by slite Lol slastdy olss e 5,0
Ol polio 0l 5 ool (aliord il i b a5 955 00 s ol
on a3 gedge (nl & v e @iz Wb by 5 Ol
“pela O3l @ axly Joho (G315 @ (pliend Joniln S L g 09h o
Gisle 23 o, Sles doe lp pgo a5 jo .8l Cuns il pdy
5y 955 g0 oanlie (O FUSE ;o amil alive US55 Ll sladISs
—axho Toe (§9908 3)93 p b 3gd oe Sbmlaxly Joho (oYL (35 axio
Az Gl Qo0 a5 09d e 00ls lis (guzly Jshe iz maw 4 (4l
soboles .wl ouls asiin K5 o8 cove LSS jo oS cul S jga
22 Olie Fals SlalS Bl (ommg 3gume j0 9 e caalin oS
Sage B pgw o5 )0 e Gl SRl sl el o0V el iy
- oo Lol axly Jsho udlS g 4 (O FUSKS 4o ond ools Lis &g
yishrpe i 3ib asly Jolo ol soe el b 0
RS > 9 e, e YL Ll e 4T 0gd e ool lis VO SS
S (53l T8 50 dles oy so o2 w3 ) -+ (ilS 3 (slaosly
Wb by Son 93 @ e lp woly Joho SB1S @ sy, LSS
45 o0 ) A 50 (S8 o oA VL o (lie 9 @
(ONFUSs j0 a8 a8 len ol jS0e Ban 90 (o Sliww-on dles
aomti el o0 ol T g a4 o oo (BUSLE 355 s oalice
15 e o 1) el 5, LD 5l a5y Jsbo Lo
YL i Gl sl @3l cpl Wb sl ol o cdalin e o
et MO JSE o e (0.1~7TTHZ) Cewl o 0V AF Ll aio oA -
S e Gl 2o Wlgioe s3gee (B Cov 5 Sl iz &S Sl
b ales ol ams Lis 53 5l st ol 3,Slas wa 5,0l 5) )
s el 5 glllans sasT 3o L5 gl lizman (ouiligs wibygel b il
28 (rabolisng S glosl (6 o g Saste SLOLSL 4 (Vb i iz
O bl Eoe 6801 o eS0i5 & oo o 03,5 o F)leS Yy Sl
L5 VFUSE 15 &8 glalan 055 a ol s amio 5 (21 slogy
o b Sloduay iz bl o (31T ol dsrae iE cconl oad ools



Absorbitivity (%)

VY olo ojless

VFF 50l oV o)lads B0 Al 3 55 olRils (5 (gwdigeo aloxo [0+ Y

B, (s & 9 8i0; caiSlas Gile Cuwlss bk, ol o oS
ol T s (S Sl

3>y Joho Jelod @ il g pdupelas 3l 2L opols las 6
9 L,..q‘) U"‘ BN p.;)lo)..tsn (0£0°) L}JLA ‘_glm [y U“"’U o n.@l%r-“-*-’
<l 04eV jo 1) 8l )F axiogs o oleend Jedly S Sl oy
ol 451y Jolo Silotend | ol colis VS oS o Jelos |
aze S b awglie 10 1, (P=0") TM idad by glamio zgo Jolo (ol o
-0 ooplin JSo pl jo aS jebles s oo LA (g9gee U 5l ol
Iy (aoyo Vo oYL Qi i) (095 Load o Slee (golpaing 03l 040
(eizen Al a4z )3 Al eST (69,95 e (U aly &5 Sl Bols
(@=90°) TE _zlad Ly slaas zgo bile (ioli 51y canlive slogsluarss
= bl sl saalie JB VeSS o QT @L.t aS Cewl ous plel
ol gy 4 golpiiy Qi o Slee 09 polie o2 > cpl jo (ol
g oo SO =80° lil 4 (63,97 2 Toe

Vo el giesio, ,  Ad

vold
Gold = ik

(AN
100

80

=@ h=5nm
—h=50nm
7+ h=500nm

60

40

20

0 1 2 3 4 5 6 7 8 9
Frequency (THz)

(<)
Caxi (golpadiny wibps @3l 5l abade o lod (AN-VA JSCl
&l Sl ©ax (lime (©) 9 (fe= Inm g b= 5nm) DC (Wl
B Gl polie

100

90

80

70

Absorptivity (%)

60

—=— Normal Incidence

50 r r : : :

0 2 4 6 8
Frequency (THz)

$lamiio zgo Gl liso 5bla) 30 der Sl ol —14 5B
A=) TM ka3 L

12

Sl D3l o5 (isn cpl j0 eals &l 656l Gl lp Ll

30 plply 09 owyp alBlax gk TE 9 TM sl yidad jo (glaman
oRb oS g3l w2y Joke ileand g Jlod Elie om al> e
b a5 L oS Sl 55 bl mugyien Solite slosbl 5 6-0°) so50e
9 oo il it fyem ] ot 5 e S 51y
ol bl S amio olewd Jowsly anT s opl 0 5009 0.1~1eV 050 40
G 0D r:L?;J‘ sloJudos GL.J 09 oo asly o5 cob 0.4eV o
el oals ool HLES VYIS po 88 e obend Sty ol s
D5 S ol ks 33 gn ssalin IS (al 55 o @i plas
o Slee S0 (Filea 0pd oo iz b sl g wdx (e et o
o e 3l 4 s e 55l 81,5y lland

A st O3l (S5 olal 4l g0y 05

100

80

60

40

Absorptivity (%)

20

OO 2 4 6 8 10 12
Frequency (THz)

Juwily, Oy > 53 (0l HLS L iz (50 — VY ST
oy axiio (o bond Jrndliy) (oYU (815 axiio (o1 Lo
(] s ails oS5 ol (bl ,F

JUSise a5 awlie so,Sale slaodl> Lo a5 el Jb s ol
b oSl (il aib ot (6l it (e axdo 5 AV pshanl
Gle oz by oly Jobo g S50 LSl (S5 olal b iode oliee
loodlr bl 5l s pdiealas (Shs ool adly 5o 055 Bse O @Yy
el il S
ool ol 5L ol on w5 et il iz (giluesley o
) illae 1,5 oolizil (pdl,S S Sl Lubl sl (WNVAUSE s ons
Oney dmio A 0 Wb Jie (095 e SULo, 515l Gl o (S
el aio 1 h Calis 4 Si0; Jie e oS 4 a5 Coul ond ooliiul
30 gl S Ol 4Y) (s dbo 055 Culbes ol 0ulds lax 815
a3 9 (Vao) (SoySIl bl DC 5y s a5 Conl oads a3 5 L
S50 sl S oe SeS (Vb 31T i) e (oloond il s
5 oor @ sdlpiin wils wilS 3 ALl canSTas SI0) gl b
2 e o @B S mlepes ) QT Cwoles (gl )ly dslllas
a5 Sl gy codal Gy gl Gab .l o sols lis (G)VA S
Syt k3 LSl 5 )3 0dBiee; 5102 ¥ 5 Gols 13 L 0 Bl
Sezs b s W slauils 3 o S5 Ol b cwbs il s b e
5y Jlesl gl Jagd golpainy Sdl> 5 50 Iy iz 0,5 adlsl oyl
O He @loond Jouily Jos )3 Canl 0ad a3 S a5 0 Jee DC bl
e 5| (Slotng Jlado a4 (e (1 & WS (oo S Sdge 2SI SU B e
1855 0,42 DC (bl 5Ly 51 (OF) alaly Gajb 5l g oo
ngye, V.

r__dc

1 =ho, (oY)



VY olo ojless

VFF 50l oV o)lads B0 Al e 55 olRils (5 (gwdign aloxa /0T

Glagby, 3l plgise ol DOl alie (1S gl glaylisle
bl 5o Sl s 4 caiomen 0,5 ool [F+-FY] aolpe y0 oais U315
3Ol s 03bise 0, Silnanls &gy )] (Satil 18, (o 8lF ubliio
oo [FY] &z > skie 3,5 lasl sladaizms gl onls Lyl Jolox s
bl @l s DIl 0 0g wales aie cpl jo b (gam SIS AT 5 000
et bl sl 45 oo SalS (Lo (sl e b el 5
g andllae g oy p 2lg oo [FF] wloa plol o 3 5 (sities (Simezss

9 23> QUL u po Sl gl leolw plovas TV JSS
o @32 ol dmlxo

SrSamai -¥
FolsS @l a 0,65 Sl dlamis glael (SousTy s !
w‘ra W) ‘nl?ol ™ 9TE dme».]a.‘B BN u..i‘)f Axao g Gy OM@}JJLM)
$99)9 T & Somd (79> Slamie zae 32 gl 9 JUT 3L
Cuald o 5 k5l gladilge 51 (Fp il b nizmen 0D Al
6999 Too Limdad g aS a8 eols Lt Wbl ojlail g uilS 3 aile
Ll 5l canblize bl Olss 5148 o b oanl i 0S5 WilgS o
ol jo e als bl o oliw a4 SSU Wbl pd el Jes
Okl 5l i TM idad (o joee aiels oS g 5k o)1y a0 4+ 25,2
odl S Slris (S5 65, wslie olep GBS sl b ¢ s .l TE
S deyohe 5l i Qde Gl 4 jeS e LS le 4 glazas zae (Wb g
4 il B O3l cpl aS wl eols lis eydu; 0.1~7THZ (wilS )8 o5l
Slamio zgo (il 10 55 (6 ke o Shoe T (5,3l oy line Lo
55 3 sl 5L Al o Jisle sl o yls TM g TE sl iodad b
sga 48 oyl oS 0,98 g /997 Lialis a5 (6 ek el S g o
G S8 o 1S 50 g oliT slad jo il zge Job Ao) el A/300
5 ol Olxio obaand Gl iy (55lwaige b (Sl 0.1THZ =31
59 6olpiiin Gl a8 wl eols LaS «(Oine) hle (b asely Sl pess )y
Wb sl S oS3l (grmy o3l 12 TM 5 TE (2dad 5o 50
do,0V e (Vb wd yliae Bine<80° (sl5lay aS s jeboas ol al S ¢,g5 e

S e wl 3

&=l

[1] A. C. Neto, F. Guinea, N. M. Peres, K. S. Novoselov, A. K. Geim,
"The electronic properties of graphene", Reviews of Modern
Physics, vol. 81, no. 1, p. 109, 2009.

[2] T. Palacios, A. Hsu, H. Wang, "Applications of graphene devices in
RF communications", IEEE Communications Magazine, vol. 48, no.
6, pp. 122-128,2010.

[3] N. Chamanara, D. Sounas, T. Szkopek, C. Caloz, "Optically
transparent flexible graphene reciprocal and nonreciprocal
microwave planar components", IEEE Microwave and Wireless
Components Letters, vol. 22, no. 7, pp. 360-362, 2012.

[4] K.-1. Ho, M. Boutchich, C.-Y. Su, R. Moreddu, E. S. R. Marianathan,
L. Montes, C.-S. Lai, “A Self-Aligned High- Mobility Graphene

el ol 15 Joaz (0 5 00 auglie pl a5 (S b solpiiny
VS Judods olpion w3l Sole 2T oo cassy loavslio oyl 5l ass]
amio jloolital pus 5 (85 g SISO G99 oz «ile AY 05 oo
59,5 WLl b s eols las a5 jsbilan canl il Coty o Llu, (o)
Olrio gloord Jeily joti 3 DC bl sl Ol aY) (oo aio
Cewd Gl oo o A2 p3e (Vb i e g g Wb sl 4 0dlS
~oaby (gl el b g8 5 seelits S3lr ol oo silse 51 oS 3l
plxil oo )5 [¥a] 5 [¥A] oo o (2813 slacdls (g puSojluil g s5le
-0 Bl cpl o Qi e S oslal sl a3 Hleanz S el ous
(35 oumlive Y1 USE) 0l Slgel b 4l s19,50ls slaedls alis wilgs

100
90
9
> 80
= s
g | %
2 &
o 70 ’ 1
2 ; =:= 9= 20 deg. Y\ gt
A 0= 40 deg. Y\ e’/
60}/ 0= 60 deg. \ / |
===0= 80 deg. 5 /s
——Normal Incidence ‘\ /'
r : : - :
500 2 4 6 8 10 12

Frequency (THz)
lazmio gao Gl Glisio 5lilg) )o @i Ol i ()l ime -V JS&
(Q="4+) TE _iudad

0wl ploxil wyuzr (b, b dulio ) Jgur

. e s ab
o a9l) Sl '
;L:.ﬂ;u. Sloh | =t o |5
Max. (Qinc) (hm) ol )
A>70%
Lok v i 1) VA
5 Gle 4Ys ot | TR S [vv]
blosy (e donio 4 (™
amio b VS il
uu. : PR ’YT" VY- [v¥]
) O
L odsrns 5 4S5 3 e
s ode g 4 R 58 [vol
o 1z
b:“’* " 4> of - J ’\ Yo [v#]
oy (o dxio *
b oousro ¢ Yous 5 e
Lost SYosz i 55 2 m“' 10 [vv]
| olbay b aYou> 3 et
5 sloa 41./“ i YV \9“' yorna | [val
CedlyS
= " 1 iz
SRSk SeS @ NS o Ae [vv]
0l 9 Oeile Y
soéLw ﬁ&y&
. \ . TE) )a¥ o
‘ya § AXRD 'y az ol
o) 09N - (TM 4 AJlio
Glus,y
@2 ol 1A

5 eeblioe Wbl giludas lp a4 0ed Hlo cul p3Y ol


https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7260
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7260

VY olo ojless

VFF 50l oV o)lads B0 Al e 55 olRils (5 (gwdign dloxa /O F

[25] H. Yu, P. Xiang, Y. Zhu, S. Huang, and X. Luo, "Polarization
insensitive broadband concentric-annular-strip octagonal terahertz
graphene metamaterial absorber", IEEE Photonic Journal, vol.14,
no.l1, 2022.

[26] Z. Ding, W. Su, H. Lu, H. Wu, H. Yao, "Terahertz absorber based
on double-layer graphene metasurface with tunable absorption
window and intensity", Optics & Laser Technology, vol. 163, p.
109446, 2023.

[27] X. Du, F. Yan, et al,, "A broadband switchable metamaterial
absorber reflector based on multi-laps graphene sheets in the
terahertz band, "IEEE photonic Journal, vol.13, no.5, Oct. 2021.

[28] R. Babu, R. Agrahari, P. K. Jain, M. Mahto, "Bifunctional graphene-
graphite-based THz wave metasurface absorber for sensing and
electromagnetic shielding", IEEE Transactions on Circuits and
Systems I: Regular papers, vol. 71, no. 11, Nov. 2024.

[29] R. Kubo, "Statistical-mechanical theory of irreversible processes. i.
general theory and simple applications to magneticand conduction
problems," Journal of the physical society of Japan, vol. 12, no. 6,
pp. 570-586, 1957.

[30] D. L. Sounas, C. Caloz, "Electromagnetic nonreciprocity and
gyrotropy of graphene", Applied Physics Letters, vol. 98, no. 2, pp.
021911(1-3), Jan. 2011.

[31] V. P. Gusynin, S. G. Sharapov, J. P. Carbotte, "On the universal ac
optical background in graphene," New Journal of Physics, vol. 11,
2009.

[32] C. A. Balanis, Advanced engineering electromagnetics, 2nd ed.,
Wiley, 2012.

[33] M. L. S. Lipschutz, Schaum’s Outline of Linear Algebra 4th (fourth)
edition Text Only, 4th edition, McGraw-Hill, 2008.

[34] S. E. Hosseininejad, N. Komjani, and M. T. Noghani, "A comparison
of graphene and noble metals as conductors for plasmonic one-
dimensional waveguides," IEEE Transaction Nano-Technology, vol.
14, no. 5, Sept. 2015.

[35] S. K. Gupta, and P. K. Basu, "Tunability in graphene based
metamaterial absorber structures in mid-infrared region," IEEE
Photonics Journal, vol. 14, no. 3, pp. 2223805(1)-2223805(7), Jun.
2022.

[36] H. Eskandari, M. Rafaei-Booket, M. Kamyab, M. Veysi,
"Investigations on a class of widebnad printed slot antenna", IEEE
Antennas and Wireless Propagation Letters, vol. 9, pp. 1221-1224,
2010.

[37] Z. Ding, W. Su, Y. Luo, L. Ye, H. Wu, H. Yao, "Design of an ultra-
broadband terahertz absorber based on a patterned graphene
metasurface with machine learning", Journal of Materials
Chemistary C, vol. 11, no. 17, pp. 5625-5633, 2023.

[38] C. Chen, et al., "Large-scale fabrication of customized, tunable
ultrathin, and Flexible Metamaterial Absorbers Based on Laser-
induced Graphene", Chemical Engineering Journal, vol. 489, Jun.
2024.

[39] B. Wu, and Y. Zhao, Graphene-Based Metamaterial Absorbers, In:
Li, L., Shi, Y., Cui, T.J. (eds) Electromagnetic Metamaterials and
Metasurfaces: From Theory To Applications. Springer, Singapore,
2024. https://doi.org/10.1007/978-981-99-7914-1_5.

[40] P. K. Khoozani, M. Maddahali, M. Shahabadi, M. Bakhtafrouz,
"Analysis of magnetically biased graphene-based periodic structures
using a transmission-line formulation", Journal of the Optical
Society of America-B, vol. 33, no. 12, pp. 2566-2676, Dec. 2016.

[41] S. A. Amanatiadis, N. V. Kantartzis, T. Ohtani, Y. Kanai, "Precise
modeling of magnetically biased grapheme through a recursive
conventional FDTD method", IEEE Transactions on Magnetics, vol.
54, no. 3, Mar. 2018.

[42] M. B. Rhouma, B. Guizal, P. Bonnet, F. Paladian, K. Edee, "Semi-
analytical model for the analysis of a magnetically biased 1D
subwavelength grapheme-strip-grating", Optics Continuum, vol. 1,
no. 5, pp. 1144-1156, 2022.

[43] M. Rafaei-Booket, and M. Bozorgi, "Spectral dyadic Green’s
function for multilayer periodic Bi-anisotropic media", IEEE Access,
vol. 10, pp. 116261 — 116272, Nov. 2022.

[44] M. Bozorgi, and M. Rafaei-Booket, "Metallic array on a biased
Ferrite substrate as a reconfigurable reflectarray antenna," 9th
International Symposium on Telecommunications (IST 2018).

Transistor: Decoupling the Channel with Fluorographene to Reduce
Scattering,” Advanced Materials, vol. 27, no. 41, pp. 6519-6525,
2015.

[5]R. E. P. de Oliveira, C. J. S. de Matos, “Graphene Based Waveguide
Polarizers: In-Depth Physical Analysis and Relevant Parameters”,
Scientific Reports, vol. 5, p. 16949, 2015.

[6] X. Hu, J. Wang, “Ultrabroadband Compact Graphene—Silicon TM-
Pass Polarizer”, IEEE Photonics Journal, vol. 9, no. 2, pp. 1-10,
2017.

[7] S. Cakmakyapan, P. Keng Lu, A. Navabi, M. Jarrahi, "Gold-patched
graphene nano-stripes for high-responsivity and ultrafast
photodetection from the visible to infrared regime", Light Science
and Application, vol. 7, no. 20, pp. 1-9, 2018.

[8] S. Dash, C. Psomas, A. Patnaik, I. Krikids, "An ultra-widebnad
orthogonal-beam directional graphene-based antenna for THz
wireless systems", Scientific Reports, vol. 12, no. 1, p. 22145, 2022.

[9]1 D. Ye, H. Zu, Z. Hu, Y. Xin, J. Guo, R. Song, D. He, " Flexible and
compact tri-band graphene antenna for conformal Wi-
Fi/WiIMAX/5G applications", IEEE Transactions on Circuits and
Systems II: Express Briefs, vol. 71, no. 3, pp. 1086-1090, 2024.

[10] N. Amin Nasr, H. Rasooli-Saghai, "Graphene-based plasmonic
nanoantenna with trapzoidal structure in THz band", Optical
Materials, vol. 148, p. 114771, Feb. 2024.

[11] Y. wang, H. Liu, S. Wang, M. Cai, "Wide-range tunable narrow
band-stop filter based on bilayer graphene in the mid-infrared
region", IEEE Photonics Journal, vol. 12, no. 4, pp. 1-10, 2020.

[12] G. C. Ram, P. Sambaiah, S. Yuvaraj, M. Kartikeyan, "Tunable
bandstop filter using graphene in terahertz frtequency band", AEU-
International Journal of Electronics and Communications, vol. 144,
p- 154057, 2022.

[13] S. Pawar, H. Mehrpour Bernety, A. B. Yakovlev, "Graphene-metal
metasurface for cloaking of cylindrical objects at low-Terahertz
frequencies", IEEE ACCESS, vol.10, pp. 130200 — 130211, 2022.

[14] C. Fu, L. Zhang, L. Liu, S. Dong, W. Yu, L. Han, "RCS reduction
on patterned graphene-based transparent flexible metasurface
absorber," IEEE Transactions on Antennas and Propagation, vol. 71,
no. 2, pp. 2005-2010, 2023.

[15] M. Rafaei-Booket, Z. Atlasbaf, M. Shahabadi, "Metallic grating on
a periodic substrate as a planar artificial magnetic conductor”, 8th
International Symposium on Telecommunications (IST), pp. 27-28,
2016.

[16] T. Liu, S.-S. Kim, "Ultrawide bandwidth electromagnetic wave
absorbers composed of double-layer frequency selective surface with
different patterns", Scientific Reports, vol. 8, p. 13889, 2018.

[17] M. Rafaei-Booket, M. Bozorgi, "Plane-wave scattering analysis of
artificial anisotropic dielectric sandwiched by metallic cross-dipoles
grating", 28th Iranian Conference on Electrical Engineering (ICEE),
pp. 1-5, 2020.

[18] M. Bozorgi, M. Rafaei-Booket, "Scattering analysis of periodic thin
film sandwiched by plasmonic nano-antenna grating”, 10th
International Symposium on Telecommunications (IST), pp. 1-4,
2020.

[19] M. Bozorgi, M. Rafaei-Booket, “Reconfigurable Planar Metasurface
Lens using TiO2: Design and Simulation,” TJEE, vol. 52, no. 4, pp.
229-237,2022.

[20] M. M. Fakharian, "Design of a terahertz metasurface absorber based
on machine learning technique", Tabriz Journal of Electrical
Engineering, DOI: 10.22034/TJEE.2024.58340.4713, 2024.

[21] M. Islam, J. Sultana, M. Biabanifard, et al., "Tunable localized
surface  plasmon  graphene metasurface for  multiband
superabsorption and tetahertz sensing," Carbon, vol. 158, pp. 559-
567, 2020.

[22] O. M. Daraei, K. Goudarzi, M. Bemani, "A tunable ultra- broadband
terahertz absorber based on two layer of graphene ribbons, " Optic &
Laser Technology, vol. 122, p. 105853, 2020.

[23] Y. Chen, et al. "Tunable terahertz perfect-absorber with dual peak
based on reverse graphene patch metamaterial", IEEE Photonics
Journal, vol.13, no.3, pp.1-13, 2021.

[23] Q. Ma, W. Hong, and L. Shui, "Structural optimization of single
layer graphene metamaterial for ultra-broad band terahertz absorber
", IEEE Photonic Journal, vol. 13, no.5, 2021.


https://doi.org/10.22034/tjee.2024.58340.4713
https://doi.org/10.1007/978-981-99-7914-1_5

