Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ARBFEMITIBLSE
Rk FMMA YE BT BK
Graphene plasmon enhanced infrared spectroscopy

Wu Chen-Chen  Guo Xiang-Dong HuHai  Yang Xiao-Xia  Dai Qing

5|5 B, Citation: Acta Physica Sinica, 68, 148103 (2019)  DOI: 10.7498/aps.68.20190903
TEZERE View online: https:/doi.org/10.7498/aps.68.20190903
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

A A S AF BT SR H TR S Y IR & T
Enhancement of quantum friction via coupling of surface phonon polariton and graphene plasmons

PB4, 2016, 65(23): 236801  hitps://doi.org/10.7498/aps.65.236801

AT BTG M B R G 5
Optical properties of graphene plasmons and their potential applications

YrH2E4R. 2015, 64(10): 106801  https://doi.org/10.7498/aps.64.106801

BT A BRI AR AR RN A LN 1 2R 10055 B OB 5
Tunable unidirectional surface plasmon polariton coupler utilizing graphene—based asymmetric nanoantenna pairs

WIFEAEAR. 2017, 66(14): 145201 https://doi.org/10.7498/aps.66.145201

ST SRR AR A T2 2 T 2 O T IR AR OIS
Tooth—shaped plasmonic filter based on graphene nanoribbon

WIFEAEA. 2015, 64(10): 108402 hitps://doi.org/10.7498/aps.64.108402

AR IURL R T 45 B IO T Zn O G BUR IS 5 T
Enhancement of photoluminescence from zine oxide by aluminum nanoparticle surface plasmon

WIFE£47. 2019, 68(10): 107301 https://doi.org/10.7498/aps.68.20190062

ST REVE TRV A 5200 — 8 IR AR SE B T LTINS T
Near—infrared absorption of graphene—metal nanostructure based on magnetic polaritons

YIBR2F4f. 2018, 67(11): 118101  htips://doi.org/10.7498/aps.67.20180196


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190903
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.65.236801
https://doi.org/10.7498/aps.64.106801
https://doi.org/10.7498/aps.66.145201
https://doi.org/10.7498/aps.64.108402
https://doi.org/10.7498/aps.68.20190062
https://doi.org/10.7498/aps.67.20180196

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 148103

£

N ;

LEATHEK SRR
AEGEB TR

ZEEDVY  HMAEVD #EVD HmEUI H KV
1) (EZGRBER L, T EBEBEKR e e, Jbat 100190)

2) (PEPBREBERE, MRS ERBFE TG, JEEE
(2019 4F 6 3 11 HH; 2019 4E 7 A 13 HIEMERH)

100049)

ZLANETE BE AR HE S B 7 TR B 9 5 8, 2 R AR A BHR 7 M54 (1 2 28 T2 B (FUZ KR ROBERT RS oK
RUBELLAMIG K 2 ) 2 = A B0k 9 i RS G C 5 BP0 & Z 100 AR AR 20 688, JE ik LR AT 2041 ik R
ik PRLHE AR AT A Bl 0 K AR ZL AN AR B R T A AF SR 2L AP 3 A5 T Il 14 5C R PR . S5 B IMOC RE RS
V067 1 44 52 B0 Jmy 0T 37 49 5, DT 38 506 -5 0 B A AR EL AR G rp o B 0 A B OC I BT DG TR AR
FL 22 0 25 P R RV AR 0 55 (0, O 3R TS 58 21 A6 1 P 43 1 o B A Dk 7 58 AR SO S A Al R 52
WA AT LLANE RGO, e LA T AT SR 10 AR P T R A5 A R A4 B T R HC A R T 0 i 21 S
DG B ROLE, I H AT A R S B OT Y SR L1 A OGS Y doR S R RN Y, A4 B ) 2 A A R
I ASOASTRU R4 5 A A5 S AR i o Ay S8 00 25 B IOC I 9 2L A6 1R — 25 e J Ty 1) S i SR R AT T
JEH.

KB O8I, RO, RIDHEEHE, 20506

PACS: 81.05.ue, 71.36.4c, 78.30.-j, 73.20.Mf

1 5 =

LM (infrared spectroscopy) B4 T4k
BN 2h-5% SRR JBRATE B RRNE LT AR L, 2 500
BB 0 R A ) B LB, £1AMERE T LA 32 b
FH T 13 WA SRR il i Pt S e, 78
fhor Wy HL A B s R E B 2 4 S B T
BRIz n g 02 Bl GRS R R 1 A
Xof B AN OK AR 28 B 53 1o RS ) 5 I R
R Hz58 Y. SR e (425 pm) 5
PR RJEY BT (< 10 nm) R ERAARTCHL S 8ZL

DOI: 10.7498/aps.68.20190903

SN T IA EAEHEHER 55, UG sMeE
T IR AR R o3 TR s B2
F A BHOTRENE AR I H 25 DG, SR
HEY BRI EAER, S 2K R 2151
JEIE R T i e, RSB HoTE SIAE
11 H HRL AT R AR AR R 3, K /N A s
G, HAEM R R AR A 5 B S i 1 H 23 [
SRR RS Y. YT AR R R
B, 37 B LT i o A5 2 B ik 1 T4 e AT
AP PRI R AR BOT. FLAE 1980 4, Hartstein
S5 B3k P BT E Ag 9 RAURL - 1) X firg JE 2R
iR R F IR LA S A-MHE PR B3 IR 2T S SC &R

*E G RS R TR (HEHES: 2015CB932400) . E K H SR AR (HEHES: 2016YFA0201600). %K A AR R4 (it

BT (HEHES: ZDBS-SSW-JSC002) 1 [ERR7 Be 75 4F B At 2 23 F1 7 [ B2 B €1 3 5 LAIBAI H - (5 JCTD-2018-

03) FEBIIYIREL
t iBfE1E#E . E-mail: yangxx@nanoctr.cn
1 W{EVEH. E-mail: daiqg@nanoctr.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

148103-1


http://doi.org/10.7498/aps.68.20190903
mailto:yangxx@nanoctr.cn
mailto:daiq@nanoctr.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 148103

R T 20 4%, ph g B AR Hh R T 9 £ A Il
(surface enhanced infrared absorption, SEIRA)
XML&, BJS, BN DO R R4 i R T 4 5
LLAMETE RS ATk, A SR A BT R 4G
A LA 137 Jg 880 3 2 B R DG C 4 ) S i g e
B RN 8 LS HAN A5 B OTA R LA Tk
I8 5 BT AN RE SIS PR R MERE S . 2 Fh R A5
BT R AR 2 S0 Si, Ge, InAs Hl InSb 4,
TIRHEAE KA R A BRI R AR A A, Fhdbaa ki
HER PR SRR rP 2L MBS B HOTHER ADTE, I
PR HAE R G 9 2L A5 Ay 1o B2, 7
HRTITA SO RA R D, £ 850655 BT Hos
S R 4E | ShAS AT R ARA AEBFESEO0 S P B, 72
e IR AR i b s VAR DA
WA HE S IZ ST 2 .

A1 sk —R sp? ZMERYEEE AR, BAH
) 2T R B8 B VA B AN s Y IR O T R
AR s Bl AR BT A ROt R 46 (A
H 23 T G K T i R 4 I 100 ) | i FE R 5 A
JRil i g (MR RO 5 N EGEGR) | shAs T
B o 157 R AR ) A HER RS DI S i (1844, 28
T AERR S, A SRS BT T S E SR
SCHY FAEBHRAS T R . 2007 4F, Hwang Fl
Das!" i@ if Fifi #1L AH £ 35 L B2 i& (random phase
approximation, RPA) 15 3| T 1 844 % & %ot iy
HOC R . 20114, Wang BRI 10 7] F A7 88005
oK S B IR LRI IE | A SIS B ot 6
BIJE & . 2012 4F, Koppens iR 41 17) ] I i AY
T 5% % B MUY (scattering scanning near-field
optical microscopy, s-SNOM) 7£ 525 [a] E 2 WLl
# 6H-SiC T 1) 47 220 25 B ORI 0 A, I3k
BT A HOTEA R ITIG,; [F4E, LRI R/
Basov ¥t @ 41 8 F] F] s-SNOM 1 . #% 5 |
Si0, i JIE f 1 8 5 45 B I 0T /Y 92 =5 1] (BT R
2013 4, Avouris FETA 19 520G T RS T A1 250
BT I ALE] Atwater 25 2IFE 15 nm Falfr)
A1 SRR 5 ELER BT 100 1 LLAMGIC
JE4E E, RFE 46 He 2y 106, B 24N IR A
WFFE T A0 S S5 B OT R MEBT, i = 09,
LAERN 20 J 57 - BAR AR PUSE ) JRAE A
filt BT TR A B oTas BT, InAEEEOT
P22 ORI G 29 A 2Y | 2D ME RS 2 A,

A1 S50 5 B IMOTTE R T S SR 21 AP OL 1 ST e

BT R BT AT, A A AR I B2
W, BT 2 4R, ATARR, A SR AT S OTHE R AT
ST SURAE BIE ML I AR T ST
PERE, PR 7 S84 25 B IO TR S 2L U Y
K JEHAT RGN B A THE BAT HE RS ASCH
FelUB T ANRILIANE B HOCH BRI PERE, 48 T 40
SR A B OC M IR ML 220 25 B IO SR 4L 41
TG RIPEH SR H TGS T IR A A5 B
TCHEIRZLANCTEAE 73T PR SO 25200 AR B
ORI 2 AT G R AL 29290 S5 R ] 1
R B i o ARSI T i) B g FH i 5t
1T REE.

2 ZLANRE S B BOUAT R

R TSR PR AR AR R AL AR R
DU, AR v Pk R ) £L A 2 1 45 B oT M B 2 6
B MBI T R TR T AR
POTATRL I RS FE FNER ST BT, 5 M 21 145 25
WOT R EE S K 1 S T H
HIC Y55 B OTA B M, (45 48 (Au, Ag,
Al, K, Na, Al, Pt, Pb, Pd#l Ti). ¢ & Kk
(InyO3/Sn0, ZnO, Ge, Si, IV jEH SiC). f1
M . 0 P4 2 fR (HgTe Ml BiySe;) LA K & 1K
(YBayCusOr _ ) FIZE I 15 38 45 B - A i) [
WBE. £LAMRI A BT BB R LA B ion ik
GRSy Rl & S A1 B o1 W (B R R A8 S ve =1 1
B KT [ Zs DN, 25T 30m SRHE iy
K. NEWIEE L, S5 Bocis Byt a] LA
R AR AR HL T A (AR T R R AR SRR, B 1
Treil 17 s 2 AR 4R R 2 ny L R
H54EBHPI R, SN REKE S A h2sH
UK RIS, R RS R RR, BA R
YRS BEAT; A s i Ap AR R &K B /N T H
H 2 DG, e SRS BEBTAR /. (R
SR R TR R R T B AR R
FEANREZMS. 3R 1 XLLAMEBMOTH RN B 1T
FsR  ATVRM: | R aE S LR S R T AT T A
b,

4 )R 5 B OT R RN H TR I R 41 A
T4, T LB B 2 1980 4F, 4 FIAR 9 K kL bk
KBTS 5 B T R 2 A B, B 2
ol 453 R RS R AL AR 5 AR Bl BT T S8 B AR T R

148103-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 148103

~10-300 nm
IR antenna size:

Graphene

~0.5-4pum ~1-5um
Semiconductor () Metal

Radiative damping

g

T Superconductor

B

>

N

£

S

=

3

g

£

®

o 10! Metals

- THe i Near-IR ;I Visible ! IUV

10" 102 10t 0

Plasma frequency/cm-'

P10 TR 3R T A B OTT A ek B AR L B 45 B BOT I N, A5 S WOTC I FE IR M T A5 A ) [ ST B R R T A 4 T i Fh
ik R T 408 (Au, Ag, Al, K, Na, Al; Pt, Pb, Pd Al Ti), # Sk (YBa,Cus0;_ o). 1 B4 | 3 M4 4 1K (HgTe F1
BiySes), LA K % 2k R A (Iny,05/Sn0, ZnO, Ge, Si, -V ji%, Fl SiC) M3 FIEBR | S B TIRW B E:; B LA T 684,
P RMGE R LA IE R, TR T X 28 b0 R A S B BT R R R SRS SR Z R X R B

Fig. 1. Typical plasmonic materials and their corresponding plasmonic responses®. The plasmon damping largely depends on the
plasma frequency and carrier mobility. TI, topological insulator. We present parameters for metals (Au, Ag, Al, K, Na; Au, Ag, Cu,
Na, Al; Pt, Pb, Pd, and Ti), a superconductor (YBayCu3O7_4), graphene, two TIs (HgTe and Bi,Se;), and various semiconductors
(InyO3/Sn0, ZnO, Ge, Si, II-V’s, and SiC). The relationship between the size of a dipole plasmon antenna made of these materials

and radiative damping is schematically plotted in the upper part. Typical antenna sizes of graphene, semiconductor, and metals are

indicated.

F 1 WBAIMEEHOTM R R | SR SR SREMEG AR | £ BRI TR AR MBI FIT R nTAE . RiAE
TILL R AR AFBSHOTR T LIRIR R ¢ = ¢+ i¢", ¢ RARBOTH R S, o' AR BHOTI R TR N, AR EOT
PR, X =2n/q; RIAET) M/ Ay, A N EH DGR BT Q = ¢/¢"™

Table 1.  Comparing carrier mobility, adjustability, confinement ratio, and propagation length of SEIRA materials (metal,

semiconductor, superconductor, topological insulator, graphene, and carbon nanotube). Plasmon wave vector ¢ = ¢+ iq", the

real part ¢ is used to define plasmon wavelength A, = 2n/¢’, and the imagine part ¢" is used to define propagation length

L,=1/(2¢"). Confinement ratio = \jr/X,, Mg free space wavelength, and quality factor@ = ¢'/¢".
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Table 2. Properties of graphene plasmon in different plasmon wavelength.
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Fig. 2. (a) Three-dimensional energy band structure of
graphenel!); (b) comparison of dispersion relation between

graphene plasmon and metal plasmon/®?,
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Fig. 3. Graphene plasmon: (a) High field confinement, percentage of space-integrated near-field intensity confined within a volume
extending a distance d outside the nanoantenna®; (b) low damping, the intrinsic Dirac plasmon lifetime 7, is plotted as a function
of electron density n and for a fixed photon energy hwpyp (M) (c) broad spectral response, the graphene plasmon response by chan-
ging the diameter of graphene flakes®!; (d)—(g) tunability; (d) extinction spectra of graphene with different strip widths of SiO,
substrate, vertical dashed lines indicate graphene optical phonon frequencies!"; (e), (f) CaF, substrates, gate voltage and strip

width control of graphene plasmonsi?; (g) extinction spectrum of directly stacked 1 layer, 2 layers and 3 layers of graphene corres-
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Fig. 5. (a) Metal plasmon detection of hydrogen®”; (b) graphene plasmon infrared sensor for the detection of acetone and hexane
vapor®; (c) label-free identification of gas by infrared sensors based on graphene plasmon/*7.
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Fig. 6. (a) Graphene plasmon omnidirectional sensing capability!®”; (b) graphene plasmons sensitively identify the in-plane and out-

of-plane vibration modes of hBN[24.

148103-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 14 (2019) 148103

2R, T R AR FL R RIS K, A 8RS BT
RIS A LT, P A BRI A5 B ST T o
A HLERE B 3T S AL R A&l 7(a) FiR, Wenger
S P HSE T — B TARE hLLAME B 5 T 0%
S5 B WOT Y R BT O AR IR AR, FoM R ik F
10 LA b, REE K 2480 nm/RIU. H 48 %5
WTHT I F AL B U f = BE A 3 57000 nm/
RIUNOO i 7 8805 45 25 WO T S A% s R U
— B FE 10 nm/RIU fg 4% 29100, B AR BG5S
WTHT S B AL RS R U AR T 4 8 A5 B o it
RAG AR R, (P38 5 $2 o A S5 [0 AR
A1 B R — P e 0 SR A B OT I S R

(b)  mm Ac

(a)

LIRS 1 FoM, 7T ARAS 5 i35 5 S0 (1 47 5% 4%
RS AN, Wk B Fano HLIRBI 4 BB MG 45
BIMOT W RESRAS T = 1 FoM. 2016 4F, Pan % (102
VT T RS A i A A0 3 T -4 i e e 2
PR S SRAL IR, A0 BRI AR S5 T I A5 B 0T
BN 42 8 25007 P B U SR AR S & AR T A 3
Fano BAEXTFROGIE, Bl A F AR5 4T 54 3 A 5
Fano RYHEXTFRIEIE ) M [ 6 & A= 2185, FoM fmyik
20, 401 7(b) Fias. 2017 4F, Guo & 29 % it 7]
LA AN[A] Fano m B (H, T, HC) B4 A0
SR BT RS A, ELE A SR AR OT
Fano f& B4 iy 3 . J FoM # (H, FoM~

0.8

{7 Graphene - _
o § G D T ey
Electrode § 0.6¢
3
S
=
£ 0.4t
n
g
3
=
0.2
2400 2700 3000 3300
Wavelength/nm
1.0 1.0
s = I —— Metallic structure - 0.5
7.0 7.2 7.4 7.6 7.8 0.8 Graphene ribbon S —_— 0
A/nm ’ —— Hybrid struct > il
/ 8 ybrid structure > :.h-”_ _05
=)
7.34} — t =130 nm 306 —-1.0
——t=32nm *é’ z/nm
7.32} t=16 nm
g ——t=8nm § 0.4 1.0
=< 7.30 & . 0.5
0.2 g - - 0
7.28 =
> —0.5
0
1.000 - 1.010° 1.020 1.030 2000 2500 3000 3500 4000 -1.0
Wavelength /nm x/nm
(c)
1.0 n 160
g
<
Sos g £
g s | —n =1.56 9]
g 06 £ | —n=141 %
—n=1.32 =
——n =1.00 -
0.4 = : ; ; T T T T
900 1050 1200 1350 1100 1200 1300 1400 1.0 1.2 1.4 1.6
Wavenumber/cm~1! Wavenumber/cm ™! Refractive index
7 TR (a) £1 8800 55 B WOT A AN R 47 5 50 8 55 W 04 52 9 8 29); (b) Ag-f1 280 22 AL 25 F 3 9 S A% 102 (c) BT H,

T R HC #2880 Fano M AR5 44 1Y 33 51635l Fano = YK R 43 A9 (3T 55 R ARI2) 0947 5 S48k 129
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions

Graphene plasmon enhanced infrared spectroscopy”
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Abstract

Infrared spectroscopy can accurately reflect the information of molecular vibration, and it is an important
technology to characterize the composition and structure of materials. However, since the interaction between
nanomaterials and infrared light is very weak due to the significant size mismatch, it is challenging to obtain
the spectral information of nanomaterials in the field of infrared spectroscopy. The plasmon is a collective
electron oscillation on the surface of the material inducing by the incident light, and it has excellent light field
confinement, which can significantly enhance the interaction between light and nanomaterials. Graphene
plasmon has prominent properties, such as high light field confinement, dynamic adjustment, and low intrinsic
attenuation. Therefore it is an important solution to enhance the infrared absorption of nanomaterials. This
article systematically introduces the infrared plasmon materials system. Then it summarizes the characteristics
of graphene plasmon and their advantages on surface enhanced infrared spectroscopy, and it emphasizes the
recent important researches and applications of graphene plasmon enhanced infrared spectroscopy in the world,
including single molecular layer biochemical detection, gas identification, refractive index sensing, etc. Further
prospects for the development and potential applications of graphene plasmon enhanced infrared spectroscopy
are also demonstrated.

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