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Abstract: In order to further improve the sensitivity and stability of aluminum-based plasmonic sensor, a
plasmonic configuration named aluminum-—graphene hybrid structure, was proposed based on phase
modulation. Employing a high refractive index prism, the plasmonic configuration excited by the
Kretschamnn mode, was designed by depositing graphene layers onto aluminum film. With the help of the
transmission matrix theory, the variation of geometry parameters on sensing performance was studied when
the excitation wavelength With the help of the transmission matrix theory, the variation of geometry
parameters on sensing performance was studied when the excitation wavelength was set to 632.8 nm. The
calculated results show that, the proposed aluminum-graphene hybrid structure designed by phase
modulation have provided 2 orders of magnitude higher sensitivity compared with conventional surface
plasmon resonance sensors designed by angular modulation. Moreover, the introduction of graphene can
not only efficiently hinder the oxidation of plasmonic aluminum film, but also enhance the detection
sensitivity as high as 83 times. For a tiny refractive index variation of 1.333~1.334 2 in sensing interface,
the proposed configuration can provide a higher phase change of 94.663° and a phase detection sensitivity as
high as 7.888 5X10*° /RIU. The proposed surface plasmon resonance configuration can provide a
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reference for designing low-cost and ultrasensitive plasmonic sensors.

Key words: Surface plasmon polarition; Aluminum—-graphene hybrid structure; Transfer matrix;
Ultrasensitive biosensing ; Phase modulation
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Fig. 1 Schematic diagram of Al-Graphene SPR sensor

SR, A K AR PR A B A LR 0.365~2.5 .
5 RS TR A A WY A A 8K (e, ) WT LA 3 Drude-Lorentz B 15 H
, XA
em:_smr+1€mi:1_m (2)
AT e, e, 53 B3 43 Ja A B B0 SR K L SR A5 B AR B O A, = 1.065 71077 m, Bl UK N
A= 2.4511X10" mdﬂﬁﬁﬁ?WﬁkiMf:L%%Xm m, Bl P A = 8.934 2X 10 "m AR A
BT h 2, = 1.454 110 m, BB E K 2, = 1.761 410 m.

585 R T IR AT B T L R 475 () 2
nG:S.O—O—i%/{ (3)

A A AL pm, F B C, A~ 5.446 pm " AR A BIGIEE R 0.34 nm, R ABIRE LR N d, = LX
0.34, L F7n f1 B M 1 25

i — BB IRA R R 25 8 F KR s 0, G243 5 23 5 1.333. 24 H A5 431 400 w8 W ot 380 4% J Bt 1k
B, 2 7E AL R ATH 5 | 7 — BN B 4T S 3R A8 Ak (A, 28 SCR B BR 237 W B 380 530 1o A 7= A= 1 B s AR A ) A% IR
A T2 BT 5 U n = 1.3334 Any,.
1.2 fEWEKEMRYGE

FEFRE T 22 R, 1B A AR R} 35 Ry ol 2 4% el R AR R L SR 2} 2 A% B I T RN N2 B R A B A
SRR G R Y AEZ RGP TR SR E AR S LR R TR R n B R e kR
R NEBRIEE 2 B — 2R Z=0 k)G — 2R Z,  Z F R 3756 R

V=] g

A, UM U o B 3R7R5 — 2 M N2 AL i 0 D) ) oy i, VORI Vi a3 B 3R7R 56— )2 RS N2 R
Qb Tl 3 W B 1) 43 N ) R S B MAT DLSE K

=T = 3] ®
K, M
M. — { .cosﬁfk — isinﬂk/qk} (6)
—1q, sinf; cosf3;

0724002-3



SIS S N ¢

oo 1/2
(sk —nt smzﬁl)

€ (7)
2nd, ,
ﬁ/e: T; - (Eb_n% Sinzol)l/z

A, 0 R A 530 KR A R AR OGBS N R A T M i B 06 19 52 5 SR AR B0 RO A B M2 i D
(Mn + Mle;\r)*(MZI + MZZQV)

T (Mll+M12q;V)+(M21+M22q;\f) (8)

qr—

W) N AR 1 2 B R R Ay
R, =r,[ (9)
AN TR 4% Gt i B I A AR X, AR SR R A 98 oA X F 9 A% R A R B R RE L BIRE — SR SOk 4
N s ARG A p-Ii 4R O Heh - 4R 06 H T IOR AR IR R Y SPRAUN , s AR AR I S (555, Rl LT 800TH
B PR R P R M- A AR 0 B A A A O B 0 22 15 5 AR Ak T LUE i B p IR IR G AR AL o, B sl R G AH AL @,
KR, /P
Pa=lo, — o (10)
i B G A A7 R Ry
¢, =arg(r,) (11)
A, ST R B, o AR TR R R R R S R A
BRI A BB AR A R (R M R BEE S SR

S, — AAZ?O (12)
K, Mg TR 2
) B, AR B 58 M50 a8 SOOR IR A AR K AOspr 550 BT AT 5t R AE AL Ay, 22 8] Y LR B
Se= %S:: (13)
%o, AH 7 R B AR B SO (Y B Ry o/ RTUL
B 7 BB AU S, oo AHN T 2150 42 a8 W R U S, ISR E, ROR N
E, = Soac _ ASOAA(;/AHMO _ A@anc (14)

SpA AQDdA/Anbio Apga
KT, Aganc T A@an 5307 2 7R 0 BE 1 55 05 12 TR 45 A6) 114 AF AL 255 R B0 R A JRR 45 ) 1) A 6 25

2 ZRE5iTie

T B T LASFO B B8 1Y 4 BE L ERR R AR B AE B AR AR G R RS L RIS T
LASF9 prism/Al/water LLASF9 prism/Au/water #l LASF9 prism/Ag/water — Fh 25 #4 1) J 5 il 28 . Hop K
TS JEE 22 Xk S i 28 2 % 42 9 (Full Width at Half Maximum, FWHM) 898150, 5 2(a) b 5 0 4 I A
JELRE ) B B i [ 2(b) S B T AN [ 4 Je e RIS B O A RS B L R T B A5 R B &L T LASFO prism/
Al/ water 55 B (A% B G5 8 HL AT A v () PRI B2, BL7E 39 nm 45 J& BE AL 7 A= AR AR S B %6 1.718 X 10 .

G, 7 A A5 0 2 B0 B OGS A L 19 52 . 7R LASF9 prism/Al/water f& & 454 19 39 nm 8 4 /&
WAL VIR 0~7 2 &0 K 3(a) (b)) T WA 850 )2 1 5] A8 KT 15 845 1 19 Rl 450FE | 1l i 399 il 2 1) 7
NI AR BE LT RS i e 0 2 U 4 T R S S R AR R, AR A Bk AR A W AR AT N B AR AR R IR W IR R AT R R T
A1 S0 1) A PR BIOEE K A AR A SR 5 R 1 F 3 B e 1 i R AR T R B B R R A 0 B R L Rt
R T ARAG O WSO B i R 1 A RO A SR A A T I R dRoR ) A R IR OT R TEEE T 1~45 nm
GBS JEL B i A AR 2 B R AR A L S AR R R 29 nm BF L A 5 2 A B A 7 A A AT T B R A 2 R
3156 10°, HAHA H BB B2 Uk A, & 3(c) ((d) Frs . ik 32 B A S 6 RE i JL-T- 4 38 4 A% 8% 25 M e i,
TS 0 e i Y SPRYG SR . 7E 29 nm 45 /0 J2 A7 880 A5 A5 A6 v, R 5 M 4k i B 20T 2.723 <10 1 5 #48
JEEAR EE , 5 )2 1 28 M 1) 4l B 138 55 f6fF S B oK 2B R R 8.6 X 103 . X 2 45 25 T 28 M RN A0 5L 2 8] 4 B, fif 7 B8

0724002-4



RGN AF T A AR T R L R o A B - S A 4 A

1.0 P Y ST T L CY L IR R 50 v T v T T T T T T
- \ 5
5 ot — Ag=5lnm S
=, 8 il - - Al=39nm g8 30
= oy g
COE 8
& - 2
02F L 10
P
R
45 47 49 51 53 55 57 59 34 38 42 46 50 54
Incident angle/(°) Thickness/nm
(a) SPR reflection curve (b) FWHM as a function of thickness

H2 TE&EENZN S %
Fig.2 The simulation curves of different metal films
BU e 55 0 Ty pR O ~4.28 eV A SRR I D) BR B ~4.43 eV AE SPRIIER T Lo T ARSI R
Bror e SEE 2 B R BT 2 2 0 A5 S AR ) K AR W AT B RS L A B A SRR RE AR IR O T 2.3040 Y
et , HL 5 A 80 2 BOMAE [E . L, 5 )2 A7 3800 B9 SPR TR T 11.5% G FREhE .

1.0 T T T T r
80T S Y ——r )
f iffL'lé:e:)v"o‘;
£ 06 MY g
2 — =0 3% 61774 @ —80[e—=— =0
R S S | (Y s |-
151 e = LY ) AR ] l- - L=
] -3 \ z’; : = —- I=3
2 L=4 Moz L=4
02 f===L=5 By —240 L=~ L=5
L=6 i o 5 u L=6
| = L|=7 ! .  Graphene layers - L|:7 , - - -
47 48 49 50 47 48 49 50
Incident angle/(°) Incident angle/(°)
(a) SPR reflection curve, d, =39 nm (b) Phase change curve, d, =39 nm
1.0 = T T T T T
100 | o
§ I
I
3 :
< 06 A\ 8
& — =0 WY g — 10
O = B S —100 = -1
- 9 A L
3 [e « L=2 24 &Y 2 )
= —- I3 Y 4 £ —- [=3
2 =4 A = L=
02 faea =5 QPR === J=5
L=6 X 7 E04 L=6
= L|=7 i ’\’\:}’m// i OGraghgnélayess —300 |~ L=7 . i A &
47 48 49 50 47 48 49 50
Incident angle/(°) Incident angle/(°)
(¢) SPR reflection curve, d, =29 nm (d) Phase change curve, d, =29 nm

B3 TR EEEEE A R HR i B & GR KK 632.8 nm % B A R4 4 % % 1.333)
Fig. 3 The simulation curves of different Al film thicknesses with the number of graphene layers ( The excitation wavelength is

632.8 nm and the sensing layer refractive index is 1.333)

R T HE B UESE 29 nm G5 /5 3 A SR 0 A 2 R I AF A 0 L A 3 R R A BR T I B DL A A
IR RS~ B804 DA S 1 P 37 5 B2 A3 A 1 O . 1R 4 Ca) ) BURE R 25 09 72 2 A5 MUK R 700 nm LASFI B2 4 .29 nm
BRI 1.7 nm 7 8805 A1 700 nm 25 BT K . 632.8 nm AY p- 4R 06 L IR F 25 00 A B, 8 HE A R R T Ad 7 A
— A I B GR  RL 37, AR I 35 B B B . 1K 4(b) I 5 2 A AR RE S 29 nm 48 HE AL B 45 A L 10
JERSR 1.50% . H 5 29 nm 81/ 0 J2 A Sl 1L B ES MU AR HE , 29 nm BRI/ 5 2 A7 S8 0 B % 28 8 4 (L, =284 nm))
LA R R S Hrh BRI B L, SCA R 0 e B 0 A i R 1/ e Ab IR R B

0724002-5



53
«
R
=i

14 . . T .
E P —— AI(29 nm)
2 D - = AI(29 nm)-G(5)
X ]
§ 10 @
.2
9 nm)_G(5) = -
(5]
2 i ~a
= : =
2 : :
o ! [ =284nm + L=322mm
g . . P o
4 0 200 400

Distance from Al film/nm

(a) Electric field intensity distribution (b) Electric field intensity decay curves

B4 29nm 8 .29 nm /5 & B £ i 4 M K & SPR IR B9 0 37 5% R 6
Fig. 4 Variation of electric field strength of 29 nm Al and 29 nm Al /5-layer graphene structure that excites strong SPR resonance

B AANL S GRS KI5 (a) (D)4 46 T 29 nm 4R /5 )2 A S0 39 nm iR /0 )2 A B IE R
B 25 K 10 S S5 SRR A7 A S A 1 A AR 10 T 5 3 BH S5 2R B0 %) A 57 Bk R M B TE SR/ R B AL . H R R
T AH AL Bk BR e B0 T BE 3 7 WK A 7E B KA SPR O 37 88 5 A K s P A 2R B R B A A Bk L 5
39 nm /0 2 G B E A S A, 29 nm 58 /5 2 A 806 B A A5 F 7E AR TR AL H B0 T im0 Y
FOAH AL BEER . A 48.447 8 HL 4R Ay Ak ARAF I B AH A7 15 5, AH A Bk A 5 ik ~170°.

1.0 T T T —— 100 1.0 T T T T 40
—_-Rﬁztllsectmtz — - Reflectivity
,,“a‘u -t —— Phase ]

= - il . P

3 R 0 . - 40

o / il 5'/ -7 i =
g 00 / c 3 %
-5 / 1—100 © & 1—120 2
3 ’ &8 3 /’ £
= 4 ~ 5 4 1 =¥
2 / & ’

’ o - &~ 1—200
02 ! 200
v, s
-y —300 L Nt —280
47.6 48.0 484 47.6 48.4 49.2
Incident angle/(°) Incident angle/(°)
(a) 39 nm Al/O-layer graphene (b) 29 nm Al/5-layer graphene
B St R S5 M AR LR AL A AT B 4 CBOR SR K O 632.8 nm; #7 B A i 37 4T 2 5 1.333)
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Table 1 Differential phase(Ag, ) and phase sensitivity of different sensing configuration

Al thickness Number of graphene layers g S,
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29 nm 5 94.663° 7.888 5X 10" °/RIU
30 nm 4 93.739° 7.811 5X 10" °/RIU
31 nm 4 67.939° 5.661 5X 10" °/RIU
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Table 2 Sensitivity of Al metal SPR sensor with different modulation modes

Ref. Detection medium Sensitivity Wavelength/nm

[5] Angle 190 °/ RIU 633

(8] Wavelength 180 nm/RIU 1400

[13] Intensity 942°/ RIU 638.2
This study Phase 78 885 °/RIU 632.8
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