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2) (EZFgARLZE L, v EREB g R 2 A H e, b5 100190)

3) (PEBFABRSE, MRS BT L, JE5T 100049)
W E

KL AMETE (nano-infrared spectroscopy, it A4 nano-IR) AR BEMS T
FJERIATHARBR, SEHL ~ 10 nm 2 [A] 53 FR LA GIER I, 29Ik R
FER AL 7 By IS5 I B ROR TR, 281, T @R RF 5 4L
SNSRI KA BOR RS, SR AMNRSUE S HES. X E, AT IR
7 — P T oK E = R A SR A B E E Ot (nanocavity-Acoustic
graphene plasmon, #1cN n-AGP) A H5E nano-IR -4, % T &
AISEILE EDEI AR (BEAERIR Vaace = 10743, 4o = 6.25 um) A2 50
5 LI IGRI n-AGP WUK. B T S 90K s = 2 AVE SR IG TR e,
FATEIL T n-AGP B ARSI AW (1290-2124 cm™). #E4F, 1T n-AGP
() L RE I = R IBAE AR IR = N, B = BRI R %, ATse N e
JRIURL G Jfz 15 AL NZ 11 A PR Bh e SURFIE RN CREUEFR & 15 f%). X —
BT n-AGP [ IRE5 M40 R T nano-IR FARFE .00 T REEMFRALRE S1, W]
TN AT A A S .

KA. SR, K=, FEBon, RGN
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s AR 57 AR B 2T 48 (Fourier Transform Infrared Spectroscopy, fiijic
N FTIR) Z5&, RE8RMOCHIRT IR, SCIUPRIE . Jo50R s 20 (8] 7 HF R 9K
VI RAL 22 R A R, AR FE T nano-IR IR AP A e, H FrH H A
AL FE BRI - BT SR G OK X A0z 7 SR 6 B R 3L 706 7 AR (Scattering
scanning near-field optical microscopy, fijich s-SNOM)! 21 AR i T 637484k
514 & IR 30 1 AR G s 5 LR BB (Photothermal-induced
resonance microscopy, &1t PTIR)B7), W& 14042 4%5% (Peak force infrared
microscopy, A it ¥ PFIR)®1O DL J& 5 £ /7 & # 5% (Photo-induced force
microscopy, #1109 PIFM)II131 &8 IX BLH0OR LR fE AR 04161, ppkbR} 20T
IDL K iR 22022 85 U Sl s 1) R 2. 9140 Nishida 58 AFIH] s-SNOM &
EARAL 1 HE A FUERGOK RE b R fE A BAE ) Tang 58 AR
PTIR W58 T i b o 56 7R s D SRz 4L F 24 ;- Wang 25 AR PFIR SEFR T % /%
BRI EE 546 772 570 7 A AN 73 93 Al AR DO Sarath 55 AFIH] PIFM BT9T 10
HOK & A AR, BEAR IR TUF nano-TR 175 (8] 73 H% 26 ARG DN 2R 805 4Rk 2
T 10 PUKRES, HIERE G PTG S 5 Y 2 212050 5 Y P BAE
553 P B (8- 261,

FER LM, 0 8l SCRF D6 Sy AT FE G 7 8 9 K 55 30T (Graphene
plasmon, filic GP), 2R3 IME 5YFR AR A Zogte. Wi,
GP A LUK FTIR 1) R BUE AR GO T Z 9K G0, IR T R T PEO
FRERT, B 282980 SO2 NO2v NoO AP0 3 (RN, S5 F 78N 51 R B3k
T AR B R T S R B ar A TR T ORI e T SR I AR B UG

(Acoustic graphene plasmon, &1C0 AGP), 7wt 1 5 5m 1) 637 5 38R B 37, 1
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GBI eAh, IR AN SRR AN OK R A T LIS AGP BIHRES A, A
TSI 52 2 o Ve B ) 38 9 nano-IR RGBT SRTT 248 hn THEAR IR H, A
SN AR S A ) A R BN KB R IEEY,  BRAR TSI+ AGP B H i
138 5 £ R R o) R

EXH, RATERRE 7 —MIEET9KE = (nanocavity) #] AGP (n-AGP)
SRV, AT G N SR AR S BIA SR b, ANTEUR T s RE R R
HBoTE . BT n-AGP B R UATR, 45078 1 9K s = 45 A
554 PTOKBESON n-AGP 3958 nano-IR TR A, BTk, mISCEL AN B
RGO ISORL I 2 1 5 FOTE I 1047 (948 I, 95230 nano-TR ) 72 S0H) o A 4
HET BT 4.
2 MARE
2.1 A FRITHY

X T A A 7 sk 44 COMSOL Multiphysics #EAT A R R 5. JRATHG
Bl 1a s =4EM) n-AGP Z5MEATA A Ak, BETHR 4 LR AL, 7ERS L, 3R
IRF T BU L A %A, SR S W A i B R oK = AR B B
TR, AR ENTATSRE: SR BEREG KA, BE %R,
K S1 FToR: A SRJa il 5 BN E RN 0.34 nm FREEED 461, AR/
H e, 7

gg =1+ (1a)
an)tg

Hrbey N EH HZEF T BEE, o ANSICIRAMER, t, A R6RNEE, o
A SR I PR AR BRR A S B G U0 T, A7 820 i 3 el e Y il iR i

TS, DRI T DU A R BT (R ),
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le®Er (1b)

- mh2(w+i/T)

e AR LT AT, RARER L0 B o0 8, Ee R SRR I POk AR L. sthig Al =

p* Egfevp, Hdvg =1x10° m/s AFKIESE, HIR T TFEZE p~ 2000 cm?/(V*s).
A7 SR DX I e R A% ST 0.34 nm,

N T AL SESS Y nano-IR WS HIZLAMERE, JATTAIH —ABhENT Z J7 1R H
IR S RLLAM IR R & BT 2R, FAB AR -S4 i B e A 380 1E 07 200
nm At B IRICH/ TSR RIS E) 2z & (RE)/|ElHIME), THREAZAARHIH
— A HL Y TR
2.2 4TS L RO

e o AP 5 S B N R A ML R 2L AR T U D 4IR 95 5 R AT~ 0 B SR AT R R
mﬁ%ﬁ%&é‘protein: (30, 40]
2
gprotein = goo + Zj 1.2 Sk (2)

@; a)z—Fja)

Hre,=2.08, wi=1655cm™!, wr=1545cm™!, $=213cm™!, S,=124cm™!, I'1=55.6
cm!, =62 cm'. HERIENEIL, Hio5a 8T nre x #os iR —
EJe

3 ik
3.1 A BB/ EMKEZHAL n-AGP

I 1a B AT AT 0 A B A PR s S 25 4T S TR R 5 4
BRI, BRI S0t Nt R ZL BT, AT A 2R A BRI e ok
fiE = AR ) n-AGP. ARYE O HISEE TR S, B SRR 29K s = 45

I g e el e See bR nr AT U S @ w s, R B AR A S TR
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URBOARAE S AT IR A % e OR s = W 51, Ao Y S5 8 1 1 25 B R i (10 B
B 2 I JE I W UK B AT m I v e R 1SV i AT LUK 22 R SO SR I LR A 5B
et B aRIE = EJ7. OIRIE AL A0 SR 0 2 AN ml 8k G fa A S804 7 A2 08 4
HRAR, T BTSSR MRS, B TR T R T A
AL 52 0 TS DIC 308 A 8 AP ATH A58 P st S Ay 2 0/ < 0 K IS = 5 R R AT 1 o
nano-IR P& o GAK M= N TFEHE No U, I8 A s8R0 P AN SR8 (10 1 g 22 3k
Gt SRR SRJE 8 AR HERE RS HORAE A SRR I 56 /0 )2 hBN B A I
TRAHTUR B & B s e E e gmr el (Blansadesn) 1Euiiik -
IR, R AT RO A & T KT BORE A SRR m TR & k. JE
RS, FRATT AT B A SR IR 2R e, BEIMTSEIL n-AGP (AR, &
AN BT TE F A SRR BEAT AN L (il g O Nk kAT L 9K
555, XS TR SF R TR i SR R SN B SR R

TR Gel7); [N A e oK i == 030 57 S e ek — 20 5 £ n-AGP [ FL 137,
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R 25 |E]| 2.5x105

z — == m

=5,
ARME  Aacp=0.13 pm

Qy LA R SHKRE =
d 1
0 Normalized Im r,of AGP 1 3
< 2000 :
5} 3
Q 1800 = n-AGP+ EH &
& 1600 N 1.5
2 R 7
® 1400 = 4l GP+ EHR
c
2 1200 AGP+ 1R 0.05
E 1+ x40
o 1000 . ' :
2 3 4 5 6 1400 1500 1600 1700
q (105 cm™) Wavenumber (cm-')

B 2T 805/ 890K E 10 n-AGP () 1 2805/ 890K 4R &K

(b) HARAIA A 1600 e I, AGP Iy x HlI T L 2R E 73 A6 & (E)); (c) n-
AGP. GP M1 AGP Wk &R, HELELGE GP IEBEIOR R, WO siE MAE

SO TE T BV A HRLI R AR L) n-AGP (BB S Db R R I 4R U AR
#5/10 nm 2SI/ 5 A —4k Im 7, (n, NIERE R 250 38, BRT
AGP % &; (d) n-AGP. GP Al AGP 5 & AR IESNE A& HH—1k 1%
SRJETE. AGP 5 B R IRSTAR RS G 10V — 1k s R B TS 200K 40 £, K (R
LRARER S, B AOH AR 15 Ak i T30 LR I G0 A1 P2 111 3 e
Ab. MIREIREE 733109 3 (n-AGP+ HEFD) < 1.5 (GP+ HE) 10.05 (AGP+

AP . EEFEE 60 nm. =N 10 nm. THERIA d i E S SRIBR Y 10

nm.
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Fig.1. n-AGP based on graphene/ gold nanocavity: (a) Schematic diagram of
graphene/gold nanocavity; (b) Electric-field distribution of AGP at a resonance
frequency of 1600 cm™'. (¢) Dispersion of n-AGP, GP, and AGP. The white dashed line
represents the dispersion of GP; the blue dots are n-AGP dispersion scatter points
extracted from normalized electric-field spectra of different nanocavity widths; the
false-color background is obtained by the normalized Im 7, of graphene/ 10 nm air
gap/ gold structure, demonstrating the dispersion relationship of AGP (7, is the
Fresnel reflection coefficient); (d) Normalized electric-field spectra of n-AGP, GP and
AGP coupled with proteins. The normalized electric-field spectra of AGP-protein
coupling is amplified by 40 times. The gray dashed line represents the baseline. The
black arrow represents the deepest spectral line depression caused by the Fano
resonance phenomenon in the Amide I region. The depth of the depression is 3 (n-
AGP+ protein), 1.5 (GP+ protein), and 0.05 (AGP + protein), respectively The protein
has a width of 60 nm and a height of 10 nm. The thickness of air gap is 10 nm in the
calculation model.

PAVE ] = 4 AL RS TH 5 AGP I RS o A, O 1 IR AGP 9%
K, $EHCT AGP WY x BT AR IR A — L B3 0 AT > & |E, & 16 Fros. 1E
XFEE, FATESER T GP ALHEHIIE, W&l S2 fs. HITI&A SHIAF(E, GP I
Yoy A AE P MR I 3 BN BRI, T AGP [ FLI7) 1 8 R 3o SRR AR SRR A 4
Z IR AR B B . (EAE RS2, AGP I3 K Aage = 0.13 pm, 1 GP K
Age = 0.21 um. UL AGP HIE K EAERE ST (Ao/dace = 48) Lt GP BB K E4hfE

B8 (lo/dce = 30). BIILAHELT GP, AGP A LU ARG IE St 5 HAH HAEH
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RS, I T A SRR e R BB A, KL n-AGP HA RN
AR AR AR AT S 24 300,
V-ace = aace ¥d (3)
Hrh A, acp 9 AGP BB, d =10 nm (&K ERIEE). Ml = 6.25
pum B, Anace = 0.13 pm, 75 H A7 8806/ 49K i = AL AR AR Vaeace = 0.000169
um?, FRRAAFIL Vaace/Vo = 6.9 x 107 (H HZ 8] NI SAAFN Vo= 23).
N TSGR E Z WM &0 5 AGP @BurIszm, FATE R F g5k
i 3 FE P VL F 7 SR i, 2] T n-AGP IO EEUE 0 A, IR 5 8
/10 nm B/ 2R AGP MU S8k i GP I (iR R AF ELEL AGP A
GP M BUE @IS T H IR H RS R (¢ ©) 3R1F, BEARWIERE | F1IE S3 B
. BT E90KEZ MG A R FEE AGP T, W E s KE S REGKEE
=M (B S4) , I n-AGP 3K (Anace) SSERCHIER TE BE I W £, Wi 1e
Bk, n-AGP 5 AGP M A—8, HAE/NT GP AL XU E9K
i 5 I 5INAT LA AGP [ K R 45 g
PAVE T AR 0K s 5 G5 1 B3 R A0 AT (o). HH T 823K
TH P o P2 B, PRIV W DATE G K i 3000 R AR RS R HE 9K Bl 5 Hh g R )
SLPRI R, WP S5a fon. [FIRY, B EE 9k =4 (R 8 %/10 nm
ARG/ ) UK E) AGP HY, Gl S5b o, FATTAELH TR gl
DK = I FFD F 3 S S M08, 22 45 ) FL s o T B R . JRATT AT B IE R
5nm AEHEEUA SIS AR = RO — R iR RS, 5 I sRAS M AR L,
FEVERIZAAL (1800 cm™), Jis A R 98 FE SR R 40 50 1 (W&l S6). FATIEXS b T

n-AGP 5 GP A1 AGP W HIZ R 55 W S6 Frow, 1EMTFEIRME L, GP
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(EIRAFE Y 1770 cm™) 1 AGP (GEIRIIZ 7y 1843 cm™) Y HLI7 48 5 1% 2 o7 3] 2
3 AER 2 £5, KT n-AGP WIHII AT XU T n-AGP AF MR IHY
WamEe ). BT THRNE 55 LT AL B rRE 7 9 ()P 7 B B S-49T,
Ik R I R A R T B v TR R R R R A R (BN
60 nm, HEJY 10 nm), FATTIAERX =F0AS [A) 55 B oo 200 d B 5T PRI R B
FE. il 1d Fros, A s 07 15 nm b5 UH— Ll sa i, ATHE T
S5 BT NS B AT T RSB AL LR T M RS R IR IR E . Wl 1d
)RR C T Sk iroas, JRA T I i 4 110 T o IR 52 SR P Al g — Ml dg o) 2 9 B R R
MARBUE. SEARE R EREAEL (K S7a), n-AGP A LLA RUSCKH
FUR ) nano-IR 155, BT AGP HIHZIRATELL GP. n-AGP {R— /M=K,
ST HI RN LA LAE A — ABhR P 5GP n-AGP LU R T ik
ZRARHESEIE M, FRATH AGP 58 A TR AL G J5 (K5 — 4k HL b 3 BE S 2T
K40 fi5 (brid Jyx40). EAERIR, UK RAEEPRIE Z 4540, n-AGP
o 8 R 15 PRI RS . AGP ORI R BUEHE R T4 60 5. X784t
T KR = SR FE R E AGP B S R4 6 0 B[R]y mT DAk — 28 B A0k
32 £HREZER T n-AGP HEERNRE

T AR S AR NE = B S5 ST DU RO n-AGP BIMR RN, SEILTE
AL ()3 5% nano-IR R, B4, Wl 2a B, tHE T A& 90K = R4 )
79 10nm. 14nm. 18 nm A1 22 nm B F)H— A I BREE TS, 45000, BB IR
FERIEEIN, n-AGP HI LI s g v, HILIRMARIZHEERE (M 1793 e 2] 2124
em™). WY 3.1 Ain, n-AGP Fl AGP el 2636 A—50 KA T LAl i

BT, A AGP it iU B IR BE RO REM. BB A SR 0/ S SR 22 T 1 2
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AIRIBEHER (BURsEREERGN), 512 AGP P KIEAAAESS (i 88). ik, FAIIwF
T T S HKNE 2 ) 98 R n-AGP VA — AL L s BEE 2. an & 2b Fios, BEE
BRI E TR, n-AGP FISHRIIZRLHE (W 1793 cm! #25) 1290 cm™),
[ IS L 37 1 i o B2 R B LRI AT RE S T B oK i = A s N IR e B
SRS G BRI R

AN, ASGERET | K SR EEHERE (Ra) X T n-AGP 18 55
sz, Wi 2c fizn, BB Ra A O nm 3503 7.5 nm, n-AGP [{3LHRAZ
¥ (N 1793 e B3 1861 ecm™) , FLIZIGSRIT N, X2 oy TR R A 39 0 5 2L
GO G BOR BERE NS, ARG K s = S S8, BRI IR FE . 4
/NTEE UL Ra, W] LU RO n-AGP FISLRAIR ISR, 5 2 A 2

T IRBIAE G 5 IR 75 5K

a b c
10 11
16| EARIRE I 9 1 - Ra:
_ 10nm — |——60nm 70nm | __ 8 Onm----25nm
12t 14nm Lﬁ 7t 80nm 90nm | § 1nm ——7.5nm
= I N = W
= 18nm = XN 5
Q 8 @47 W\ uy
41
_— 2¢
, 1 ‘ P ‘ RN
1%00 1750 2000 2250 1200 1500 1800 1200 1500 1800 2100
Wavenumber (cm-) Wavenumber (cm-') Wavenumber (cm-)

2 &k BRI RS ET n-AGP JHRIAR MR (a) W ikiE
FERIMHRE; (b) R RTE BE AR s (c) XHERA N RIS (Ra) HIHKH
P, Ra NHEHCT RIS, fEE(a)s (0)FI()BIBTHSR R, A0 S PR BE L4

WEHNO0S5eV.
Fig. 2. The influence of different structural parameters of gold nanocavity on n-
AGP resonance frequency: The influence of (a) cavity depth; (b) width; (c) surface

roughness (Ra) on normalized electric-field spectroscopy. Ra is average roughness. In
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figures (a); (b); and (c), the Fermi level of graphene is 0.5 eV.
3.3 ARMEIKERKIBIE n-AGP

MBI THAR, 77 LA S 9oK I = IS S 3, BRI TR A&
S <o N K 2 5 e ) 2 S e ME LUV I 2 e, BRI T RS BR R  n-AGP

Wi AT AR e AT S A B T I T O & B

2
oSraphene _ € ‘EF ‘k (4)
P 2h’e 8,

FIRH, A SRR AR () ARG TR IR (6, AV S0 9K fE

9 (Er) #xim n-AGP HIILIRANZ. 7EA DR A S0/ S0 KK 2 451 2500
BT, WA SR ER E B AR R A SR PR e, AT LSREL n-AGP iR
AR NS, ORIE n-AGP RSB my REERI. #ilan, 4 B0 RS
BTG A T (BT BTN SRR R A m DL S B TOORM o/ 2 4 S 4
[#) Ek.

MK = R R R e N RN 10 nm, %24 60 nm, Ra 24 0
nm) , FATEIEA RN Ee. WK 3a fion, BEA Er 1 0.3 eV %] 0.6 eV, n-
AGP HI7 358 (5500 B K, I H n-AGP JE4RIEM 1355 cm ! #2E] 1973 em!. &
I AGP [t il WA 2ok e e M. RIS O R AT A1 (B 3b), Er 3N
B FE n-AGP WIBKIEAAE /) T FE, I SBOBRIZR R, XL R
T Er BEWSA ROMTE n-AGP BIMRNA, Jf H AT ASERAN AT, X TCEERRK 1

Xt n-AGP S5 IR T ESR, 7K 7 XA 701 i er Il i
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2000 -
8 03ev _ 0.3eV /
e —04eV /
6} £1800(__ g 5ev /
@ 5 —06eV, /
= 4! £ 1600} f
N =] {
wr S /
2
27 © 1400}
: /
‘ ‘ : 1200 ———— ) S S
1200 1600 2000 30 40 50 60 70 80
Wavenumber (cm-') qlqg

K3 A7 S0 POKBESON n-AGP BIFENA (a) U1k R 7 o 2 3 X A s 0 2
KEEMIHNE, L i B A S PRI =R DY 10 nm, 5808 60 nm. (b) A
[ £ SRR SO AR L I ELM AGP BBBOR R, FARIBCA 10 nm.

Fig. 3. The effect of graphene Fermi level on n-AGP: (a) The dependence of
normalized electric-field spectra on graphene Fermi level. The depth of the gold
nanocavity is 10 nm and the width is 60 nm in the simulation. (b) The dispersion

relationship of AGP corresponding to different graphene Fermi levels. The thickness
of air gap is 10 nm.

3.4 n-AGP §y3¥55 nano-IR #F0 7 B

HE B T B H-N-C=0 38 TELLAMARBUA RHELLAMRIAS 5. IREIAIR
JE 4324 1600-1700 cm! (IBERL 1 77 A1 1500-1600 em™ FIMERZ 1T 47152, Ho bk
7 eI = Dl i s 3y <o S SNSRI N VS N1: NI DER A o o7 £ e s = D et s )
B A AU 56581, JUHR B I 0O, A Al AR AT RSB N, VFE R
T, B RE AR IR AT PR (ANBAT 7R 25 BRORE), £E FL R BOwt 27 £ IR
RAARSMER A5, S IR 5 e R B A A TR RS, A
M3 R VAT AR R 16365, n-AGP [ iy K e 4 A L 3748 5 n] LA R0 i 2051

S5Y M EAER, SEHEESER nano-IR #RMl. 4 T 5T n-AGP #45# nano-IR #)4&
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247 15 nm A 10 nm, &N 10 nm) AN BA S/ SP0KE Sk (BN
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a Cc
0 |E/Exol 13
20 15.45 1655
BERZ 11|
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15 |[n-AGP+EH R
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30 20 -10 0 10 20 3035 | !

x (nm) oy :

b ~ [
0 |E/E ol 5 u :

I - :

/ - - x= 0 nmBHI|E,/E,o| !
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10 (FE: 10nm)
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x50

—
1 1 1 o 1 m 1

. 5
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249
250 4 n-AGP 155 nano- IR 7E8 i H BN (2) n-AGP 375 55 A4 i 4

251 FMENAEZUK=4EE. BOBELAKR Y x=0nm i, n-AGP HJ)H—{LH
252 RPN, SYUKEEE LN 60 nm. (b) n-AGP MM SRS i A B AL
253 HIZ4ER. AEERARERY x=0nm I, n-AGP KL HIZEERE. EHR

254 [FEEEN 10 nm, A 10 nm. &4 T HOBREG 145 RLAGAER A 1650 emr
255 1, MBEME I0 AR AR 1532 em!. (¢) AEURSFEAFS n-AGP # & 10—

256 ALHIZ RN, HE PSS N 20 nm (B EETZ) . 15 nm (SR H2E) . 10 nm (4L
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il 2k). EE B 10 nm i, JoHE 98 nano-IR 4544 B8 B 5 #H— 1L 37
SREETE (R, JHOK 50 1%). EFEI Y 10 nm. KT RE AR
2, BOETAGR R AR IR R AE B E ZR  FA AR . B A B i 20

nm. 15nm. 10 nm i, SELEMERE D508 148, 0.74. 0.06. ERLLF, &

J£9 10 nm fJHE FTAE 1655 em AL IR TR 0.004.

Fig. 4. Application of n-AGP-enhanced nano-IR in protein detection: (a) Three-
dimensional diagram showing the dependency of n-AGP field enhancement on
frequency and position. The white dashed line represents the normalized electric-field
spectra of n-AGP extracted when x = 0 nm; The width of the gold nanocavity is 60
nm. (b) Three-dimensional diagram showing the dependency of n-AGP field
enhancement on frequency and position. The white dashed line represents the
normalized electric-field spectra of n-AGP extracted when x = 0 nm; The protein has a
length of 10 nm and a height of 10 nm; The frequency corresponding to the amide I
band of protein molecules is 1650 cm™!, and the frequency corresponding to the amide
I band is 1532 cm!. (c) Normalized electric-field spectra of proteins with different
sizes coupled with n-AGP. Normalized electric-field spectra of proteins with height of
20 nm (blue curve), 15 nm (green curve), and 10 nm (red curve) at the center of the
graphene/gold nanocavity enhanced structure. When the protein height is 10 nm, there
is no enhanced nano-IR structure and the normalized electric-field spectrum (light red
curve) is amplified 50 times. The length of the simulated protein is 10 nm. The gray
dashed line represents the baseline, and the black arrow represents the depth of

spectral line depression caused by the Fano resonance phenomenon. When the protein
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height is 20 nm, 15 nm, and 10 nm, the depth of spectral line depression is 1.48, 0.74,
and 0.06, respectively. The resonance intensity of the simulated protein with a height
of 10 nm at 1655 cm! is 0.004.

AT SeAe A SRR T x FhJ7 AT IR, RS B R B BTt
Wi 2 PR AN 4a T 4b i 37 i B2 A R PT A EE 2, BAE 80 T 7 A
AN, BTAERERELL, n-AGP ARG 2 & A B Zw . &
FB TR S n-AGP B ARG, PiHcHbtsE, T n-AGP EEH
Jo P i Xt AT e T iy X3 o B S Y 37 0 P PR (B4 x = Onm I, 1650 cmr
DA 1532 et A REIZ SR EREAR). FATAATERIE LT5 15 nm AR IS 2z 70 E
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H 5 Y L R E BUROR RS2 38 5 (0.004) $ 1 15 45, IR 1 A SR g/ gk
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Tunable acoustic graphene plasmon enhanced nano-
infrared spectroscopy’
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Abstract

Nano-infrared spectroscopy (nano-IR) technology can surpass the
diffraction limit of light, achieving infrared spectroscopic detection with a
spatial resolution of ~ 10 nm, which is an important technical means for
studying the chemical composition and structure of molecules at the
nanoscale. However, the weak infrared absorption signals of nanoscale
materials pose a significant challenge due to the large mismatch between
their dimensions and the wavelength of infrared light. The infrared
absorption signals of molecular vibrational modes are proportional to the
square of the electromagnetic field intensity at their location, meaning that
higher electromagnetic field intensity can significantly enhance molecular
detection sensitivity. Acoustic graphene plasmons (AGP), excited by the
interaction between free charges in graphene and image charges in metals,
exhibit strong optical field localization and electromagnetic field

enhancement. These properties make AGP an effective platform for
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enhancing nano-IR detection sensitivity. However, the fabrication of
graphene nanostructures often introduces numerous edge defects due to the
limitations of nanofabrication techniques, significantly reducing the
electromagnetic field enhancement observed in experiments. Here, using
finite element simulation, we theoretically propose a tunable enhanced
nano-IR detection platform based on nanocavity-acoustic graphene
plasmon (n-AGP), utilizing a graphene/air gap/gold nanocavity structure.
This platform avoids the need for nanofabrication of graphene, thereby
preventing defects and contamination introduced by processes such as
electron beam exposure and plasma etching. By plotting the dispersion of
n-AGP, we found that n-AGP has a high wavelength compression
capability comparable to AGP (4o/Aagp = 48). Additionally, due to the
introduction of the gold nanocavity structure, n-AGP possess an extremely
small mode volume (Vaace = 10743, 4o = 6.25 um). By calculating the
electric field intensity distribution (|Enorm|) and the normalized electric field
intensity spectrum (i.e., the relationship between frequency and |E.|/|Eo|) of
the n-AGP structure, it is evident that due to the high electron density on
the gold surface, electromagnetic waves can reflect at the boundaries of the
gold nanocavity and be resonantly enhanced within the nanocavity. At the
resonant frequency of n-AGP (1800 cm™), the electric field enhancement
within the cavity is about 50 times. In contrast, at similar resonant

frequencies, the electric field enhancement factors of Graphene plasmon
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(resonant frequency 1770 cm™!) and AGP (resonant frequency 1843 cm™)
are approximately 3 and 2 times, respectively, significantly lower than that
of n-AGP. Furthermore, by placing a protein film (60 nm wide and 10 nm
high) under the graphene, we calculated the spectral dip depths caused by
Fano resonance between n-AGP and AGP with the vibrational modes of
protein molecules, thereby validating the enhancement factors of different
modes for protein vibrational mode infrared absorption. For the amide I
band of proteins, the detection sensitivity of n-AGP is about 60 times
higher than that of AGP. Additionally, we discovered that by adjusting the
structural parameters of the gold nanocavity, including cavity depth, width,
and surface roughness, the response frequency band of n-AGP can be
modulated (from 1290 to 2124 cm'). Specifically, as the cavity depth
increases, the electric field enhancement of n-AGP improves, and the
wavelength compression capability of n-AGP decreases, causing the
resonant frequency to blue-shift (from 1793 cm™ to 2124 cm™). As the
cavity width increases, the resonant frequency of n-AGP red-shift (from
1793 ecm™ to 1290 ¢cm™), and the effectiveness of the gold nanocavity
boundary in reflecting the resonant electric field within the cavity
diminishes, resulting in a decrease in the electric field enhancement factor.
With the gradual increase in the roughness of the gold nanocavity bottom,
the effective depth of the gold nanocavity increases, causing a blue shift in

the n-AGP resonant frequency (from 1793 cm™ to 1861 cm) and an
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increase in the electric field enhancement factor. Moreover, by adjusting
the Fermi level of graphene (from 0.3 eV to 0.6 €V), we achieved dynamic
tuning of n-AGP (from 1355 to 1973 cm!). As the Fermi level of graphene
increases, the wavelength compression capability of n-AGP decreases,
resulting in a blue-shift in the resonant frequency. Finally, by optimizing
the structural parameters and Fermi level of n-AGP, and placing protein
particles of different sizes (20 nm, 15 nm, and 10 nm wide, all 10 nm high)
into the graphene/gold nanocavity structure, we verified the protein
detection capability of n-AGP-enhanced nano-IR. We found that n-AGP
can detect the vibrational fingerprint features of the amide I and amide 11
bands of a single protein particle (10 x 10 nm) with a 15-fold increase in
sensitivity. This n-AGP-based enhanced structure holds promise for
providing an important detection platform for nanoscale material
characterization and single-molecule detection, with broad application
potential in biomedicine, materials science, and geology.

Keywords: graphene, nanocavity, plasmon, surface enhanced infrared spectroscopy
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