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415861 (Infrared spectroscopy) BT M & Fh 43 F AU SN EFRSL, f&
AR TIRADMEBNIEL, MRS b RIESREEERER . MR Ha
41 Y63 (Fourier transform infrared spectroscopy, FTIR) & 7E 18 £ U2 R Z M A,
BFEFERALESVER DT EVEN . RARZEMLERNE. B, HTHRLs
JERBEK (oKD BB T RS (99K REABER, UL S5THREE
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WERMAIB . TEERPKMEEARORERE, NEERLIMGERRR R
HERY T ERNEKR.

T R Fof R ] — b AR R R A2 2 L FE R AVK G54 TR R SR 44 o T IR - 55
BT (Plasmon). EHPKRE b, FIRSAMEBBOT A & EREMERAIEY
REGRE . REFESOTHBIEKO-MEAEER, CRIUEKAE A SotEML
SRR I R B B E RS LN BB R AL ES R &8 U SR ST
SEWOT, ARBEEBUTAAMNTEET . REHRA . BEEE U AR
SRR, RMEARB KRR INRT B XA BESBRTHE AR

(BR. RIE. Fad) Bk, RE#H—PRAHEBERELSMRIL (Surface enhanced
infrared absorption, SEIRA) HINFIH O,

B, RMNEBTETER (LiCIOs: PEO) NMEEMTIMEAH, LT ARES
BROTEFOIMNRBRMERIRE (1214 em™). SHEN, [EEAMBREERE
4V, REES SiO i BB RIZNEN~200 fF. EARERR, RINEZRIRATA
BIREEBULE BT RS K BRI 8 MM .
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ETRBRSEHMTNBRRBNS FHRIORAIIE, RINE—PBENA TS
AR5, SE5FIE ST R BE T LRSI 1000 ppm RHRENEHEE. BESUE, )
m SOz, NO2, NO, N2O, CO %; HMRHIAELRLRIES, AT IHARER
KEHAGHEEREBHGREMEEE, FHUEBRHMAESE. MEATLZEFRS
BRTRBSNAAXE, BN URESERUNGREE. RINVWLRERY, &
BROTRES R S AE R B AURT SARERTEEENST. BEAEENR,
A BIBIRLGRBITRE R IR SR AR R — A5, 3 AT DR IS0 3 RS
=.

AT HEBARBERFOAIMERB TS RESHNAGR, BRITR T TE
FRER/ ZBRALEHIUSEHTLI/NEERG. IHFUEBHEFRIFORE
HWREAERY: EARPBHESE (1mm) AMBSRSHMET (1000 1K), EEH
TEHISEIRINR | IRUGRE | SR EF LR TR R/ES S S SR ERLEAZEM,
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ZREZHRFERE— PR T EER 4R IMERRNZERS.

B 7B S B BT R 4 TASMNRBGR B K S TS LASE, BANER
THE R BT A0E BB DU R RS G E R B R P R E RSN RBES.
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BEAERM. KREARBEPOIEBRMEELE UL R ONENERE, TUUEEN
B 25 nm BEEH PEO EREMASMEEE. LR, HiBtEafnLhrE AN
RaETHATRE.
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Abstract

Abstract

Infrared (IR) spectroscopy has played an increasingly important role on material analysis
through probing the atomic vibrations of molecular species and compounds in a broad
spectrum. Specifcally, Fourier transform infrared (FTIR) spectroscopy has been widely used
for identification of chemical and composite materials, bio-sensor, food security and
chemical reactions, etc, since it allows rapid, noninvasive, and highly sensitive
characterization of molecular fngerprints. However, because the wavelength of mid-infrared
(mid-IR) light (micrometer) is about three orders of magnitude larger than the typical
molecule size (nanometer), the cross section of light-molecule interactions becomes
remarkably small. This leads to an extremely low sensitivity of IR light for the detection of
molecules, which severely limits the range of applications based on trace chemical detection.
In particular, the rapid development of nanomaterials and nanotechnologies in recent years
has put forward higher requirements for the sensitivity of traditional infrared spectroscopyf

One possibility to overcome this limitation is use of collective electronic oscillations at
surfaces of metal nanostructures, which is often called plasmon resonances. On the
nanometer scale, the resonant excitation is accompanied by highly confined and enhanced
electromagnetic near-fields, which nowadays are commonly used to enhance light-matter
interaction such as surface-enhanced Raman scattering (SERS) or surface-enhanced infrared
absorption (SEIRA). Compared to plasmons based on traditional metal or semiconductor
materials, graphene plamson can produce extremely high feld confinement with low
damping cover a broad spectral region from infrared to THz. Specifcally, graphene plasmons
can be tuned in frequency by varying the doping level. Based on all of these unique
properties, we further explore the SEIRA application of graphene plasmons.

First, we use ion-gel (LiClO4:PEO), currently one of the most efficient dielectrics with
ultra-high capacitance, to realize broadly tunable graphene plasmons (~1214 cm™) with low
voltage modulation (~4 V shifted from Dirac point). More importanly, we find the coupling
effects between graphene plasmons and the molecular vibration modes.

Based on this electromagnetically induced transparency (EIT) coupling effects, we
demonstrate molecular fingerprinting at the nanoscale level using our specially designed
graphene plasmonic structure on CaF2 nanofilm. This structure not only avoids the plasmon-

phonon hybridization, but also provides in siftu electrically-tunable graphene plasmon
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covering the entire molecular fingerprint region, which is previously unattainable. The
experiment confirm that graphene plasmon can measure multiple fingerprint vibration
modes of molecules at the same time, and the infrared absorption can be enhanced by 28
times. The electrically tunable nature of graphene plasmons allows selective enhancement
of specific vibration modes. By simultaneously detecting the 0-TO and LO phonons of a
single layer of h-BN, we exhibit that graphene plasmons can measure in-plane and out-of-
plane vibration modes. In addition, undisturbed and highly-confined graphene plasmon
offers ultrahigh detection sensitivity down to the sub-monolayer level, significantly pushing
the current detection limit of far-field mid-infrared spectroscopies.

Based on the ultra-high sensitive molecular fingerprint recognition function of graphene
plasmon, we further apply it to realization of gas identification. We report high-sensitivity
(down to 1000 ppm) and selectivity identification of various toxic and harmful gases
molecules (such as NOz, N2O, NO, SO, and CO) with label-free graphene plasmons. Both
theoretical studies and experimental results confirm that gas molecules are physisorbed on
graphene nanoribbons for a large amount of defects and dangling bonds at the edges, which
significantly enhances the interaction between the gas molecules and the evanescent plasmon
fields. The electronically-tunable plasmon enables simultaneously measurement of the gas
concentration and species, which further permits real-time monitoring and semi-quantitative
detection of different gas molecules in gas mixtures and during chemical reactions.

Realization of graphene plasmon devices on flexible substrates would largely extent their
SEIRA applications. We experimentally demonstrate the first flexible, electrically-tunable
and strain-independent plasmons based on graphene/mica heterostructures. The plasmon
responses (such as resonance frequency, extinction intensity, quality factor and electrical
tunability) of our graphene-mica heterostructures remain nearly unchanged even with a
bending radius of down to 1 mm or with relative fatigue strength (>1000 bending cycles).
The unaffected graphene plasmons in our flexible graphene-mica heterostructure devices can
guarantee the sensitive SEIRA applications. In addition to stable flexibility, many of the
excellent properties of mica further enhance the functionality of flexible devices such as low
damping of plasmon and high transparency.

Traditional micrometer-thick window substrates, however, have considerable infrared
absorption which may introduce unavoidable deformations and interruptions to the
extinction spectra of a nanoscale sample. We present a new back support method for
fabrication of suspended graphene (1-3 layers) over circular holes up to 150 pm in diameter,
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Abstract

which is to be utilized as transparent substrates for infrared spectroscopy. We further
demonstrate that the suspended graphene has little even no impact on the measured infrared
spectra, an advantage which led to the discovery of several missing vibrational modes in a
20 nm thick PEO film measured originally on a CaF; substrate. The contrast experiments
directly prove that its light transmission property and actual application performance are
much better than traditional window materials.

In summary, graphene plasmons provide an excellent SEIRA platform, fulfilling the long-
awaited expectation of high sensitivity and selectivity far-field fingerprint detection of nano-
scale molecules for numerous applications such as biological detection, gas identification

and chemical reaction monitoring, etc.

Keywords: Graphene Plasmons, Surface Infrared Enhanced Absorption (SEIRA),
Molecular Fingerprint Detection, Gas Identification, Flexible Plasmon, Suspended
Graphene, Infrared Windows
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ThY. =B R BRI F RS AL, AT T h R R E
HER . AR B B HRASEE (FTIR), B4 ZNATF &R LI
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a, AL F R PARR R R, B0E R R BRA B RN A R R AR &
FIE Pl BeAh, MORETEENATRE. 4%, £, aniEER %%
Y. B, LB LAMEERARIRAIER 2 E, XME S RNARY
Fe oh, S FEME SR URE R AR R MA R, WTI/551E B R ThEe.

B2, BTHIIH (M 400~4000 cm™, TR 25~5 um) KK EL LRI 4>F
R OMF 100m) RENMER, UL E S FHREERMBEEBE (cns~
102 cm?) AR IEH /NI, 7ESLRR B 72 5 U 75 TR B i kL CAKE 20415k
SR EIE RSB . X FBALSOGER I 7H R BUERIK, MERS 7=
BUFRMEINA. F R RIEERPAKMERERIREKE, AERLINEE
R R U IR T E S ER.

SRR IX ARG —Fh ] G 2 R EFE S B YK S MR T LI EES
TIRY, @EBERAREEEBHCHBUTHAR (Surface Plasmon Resonance, SPR)
©, EHPARKRE L, FHIRFRMEFRITEA &5 RSB S B RE .
REFEBOCHEBIOL-YRMEER, CRIELAGLERE. RAuEMA
ENEFHRNREE L ERT LM ERTY. XMTER 1980 4 Hartstein
SR BENLHESIN Ag QK BURIERE L= M6 T AT 06 v B 9 i 5 3 ot
RSN, AT IMIEGR BN 5 F IR S RSN B3G 558 T 20 £, XF
FEBIR R AR SMR YL (Surface Enhanced IR Absorption Spectroscopy,
SEIRAS) 16201, FERE/E I JLHEH, REBEFAMAKFEXMERER L, ¥
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AREEATERNERRFIBR. S HENK EERNE A BEE T8
L 1.5%10 em™/( V-S)P% 81, BAEWA BHAFERHNTIRERET LI
F) 2x10° em/(V-S)®, LutEGEEM B TR BER S BB E WA &
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FHLE] . FMEUN EERBRMRAR CREEEEERPIER) ERENSER
SR R T SRR AR T AR AR S, DA SRR R AR S R BU 11
FRETHU - IEBMEHUN BB R BRI 75 AR R R AR A 3R T 75 T 1 R B
66681, M FIRFE L SHMABEIER R, WNBRTFIRE, 2EBHRG
IR 3 AR

ARBAERERTERYE. SESAN _£8 B8 FRINERERBHA
A, $EARERERFE UL BERLCHEZTUEARAFERTERTE.
XRHATERFEENTLA BEFERERSE, LR A RENARINLE B
e, AMERUERMAFEEFERFEE., 540, BTRFHBELER
NELRERF, BFRECESBEERRNSEE, HNSBEREEHAE
BEEFM— LU, S EE T ERBA BT TR 8RR KT
FER AL T BV E BMERE.

ARIFIERA Klein BFAR . WU RHAKTEEFA—IHLE, BT
LRE 100%HES, RAEHLEEMEFRDUTRERE. H2 2587
NS LR, T3 R EE,

1222 AEHBAXFEMR

TEMKPI L S A, A RER TR RN AECR, FE LR B+ B
[B]BRE 2 A6 YA IR T I LR X AT A SR NS AE R B e BA e ke
S X omi=ne?/(2h), H e RETHE, hZ2UEHTEH. Fit, HRBEEHR
WCER R T A5 4045 K9 % # (Fine-structure constant), Bl ma=n/137=2.3%, o= e*/hc.
(74, TSV o TEARFAE TR SC R T JR Bk B 32 B oK T — Fh R I U677, i 1.5(a) 2
& EFINE A B AT TR, A B A =B e e T LME A E B AR, dn
R B 28.

FEONREERIG R, B OB B 2 A R BIE R R A 2 E 2 (Pauli
Blocking) #%E TI&T 2Er (Er &F KRR BT (WARFHEFFP LI [E])D
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5x10° Wm'K 4, ZREHBAKERNEE. REAMEREABRRRE
T EROR SRR B T 8RO T R AR B

1.2.3 ARGNHIESZE

1 BT M RS R R SRR R R, R EA T2 HRA
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RRAFEIEE B R, B EEA A B EERNTEEEMENER, £/
B EESE D ER RBIFBEEBRERDD. XM TEE R LT, BEINA B
BRERE. ERXMITERETIEATE, WAERK. Fit, XHFES
FAF BBl 5 LA % /b B S A

BARRI BRI — e R MR ANER S A RGN, BHEREHR,
EEABWRE. BEFAEOCIEIEME, AIERIH 8 & 1A 2.
REEI S EGIH & HOAREHRAR. TERRAHNEARH EHRENGEE
HABMRER UG RBR B M EGEE XK. BRI S LLRE KH
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J& SRS RNEE # 7 SR R AE

SPEEKEREERATHET, @i ik SiC & &M H R Si FEFIH,
F&H C RTEBUMEREMTEMERNTERABENTE. HARARE
T InATE S AL B 6H-SiC, 7EH 001 BT KB T HERN A BEE, sEd
KA BFETUATEREHEY, BB THREHE. BR, MBS Tt
REMARELERKR, S&0ARREEEERHRERZ.

WESHUTBRERF SRS YEARE, E£mERERTH#E, £8
R LA K85 . RBPLERNEES IR M TREAERER
BREEIEEAR, MBS EIIBRE T BANEN, ERRIEREFBRE T AR T
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STEBRRE], RABREE S BAKEMRAA L FERERS, FEMBNR
BRIRmMEREBIT (Localized Surface Plasmons, LSPs) ¥, & 1.6(b)Fi7~.

132 FBRTNERHE

ZEFTHXARRETEHNE LT IR, SR AIELEEIBRER
SURLE) Lycurgus M, TEARRBZMAT ERAFEKFE, 1902 & Wood
FEAFER PR, SRIEHMZIEETAN MRS G, HRILEL N
— R W R, FRAMEENSRE (Wood’s anomalies) %, 1904 £F, Gamett
ZHEEEEE (Drude Model) B T LR EHF S Lycurgus R M EEZTHL
Plil. 1941 £, Fano WRI|/EBMT A E L BB MMM T HEGTHRE
PHY. 1952 4 David Pines FH R FHER G KBREL EBEMRESRT
FIGERIRR, MITEXFHBHHELAN “Plasmon”®). 1957 4E, Ritchie i LR
ET&RREOEBHOTHFED. FE, Stem ESH T ERREBRBENHERK
KEP, 1960 4, Powell 1 Swan FHBFHRNERTERFEANEEHK
TLHR, MERABKUET Ritchie iR, 1968 £, Otto "8I Kretschmannl®!
FZEHRHTETHEFME RS (Attenuated Total Reflectance, ATR) K7 H 3L
B RILE, MR RESHEET. WHEA SPR ARBLEMBARE e T
Rb, FESEZERAZEIAE. 1999 4, Brongersma S AR B R EESEBTHTFS
(Plasmonics), INARXR—ITRANEEREMHELIERK—IRI200, 20 i
4 90 LG, REFBEBOTHIRBARETRIIRKREER, BAIEMERSH
ERRS TR —FFECRU, S, EERMRERNANEE. MHH
ITEARMNERERMEERNAN KR, SEETHHANENET K. EEBT
RS K EHE Rt G & BRI BEL SBHREZNBME: A
SHEMEEME g, —ENTEME. BT &, REEGHREBMEILSL, #
RO EEEoTHE (A BEE 222, Sib0, Gelh 3, mAsh34, byt
361, InSbB73%, InAsSHI*), BREUKEVONE) M ZRA. SFHEBALKN
SHBIRAERRER RMEHAFEBREBEAR . SEHBTCERKBRAIY RE.
E. EYMTREERSEZROZ TR, BATHKNEFF (Nanophotonics)
K—ANEESX. BTESNMIREE ZNAR, EERER L Zx
EN R ERZ—.
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Py e (1-8)
c\Veg, +¢,
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k, =-k, (1-12b)
BT,

y+ﬁ+@kﬁ=q%2 (1-132)

fE A B & R P BRI R AN TR R

9y (1-14a)

c

kdxz + km:2 = gl(
kmxz + kmz2 = 82 (9)2 ( 1‘14b)
c

an, k, =—k_R¢g,#e NagEA ML, FHLEBE#oTHEk £M. TEA
S BT H B B TS PR A8, W Ere A RE AR B,
REEHLBRALEEMTALE TE BREE.
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BB TR MR M A AR £ IR LRI R, B % SEBUTH
PASE NS 6P A MR ORI R, BRI P LSS SOt R R MU R MR B #edk, R, &
ERFREWEEBUCEA R EREMIESIER, U TAREN, RE
BEsR KLU, EMRAR . SEETEE . RASEFCHRE RN, RE%F
BT R UK B EZE, FiR, SFEEBITASGRERE, TR
BOERATH IR, X —4F R ERRE S HEOTEBR PR EEARICL, EipA
SATIHR R S 2B RO 1 BRI . B4, BRI RS BSTAE R
SHEEREFHEATEHEEREHIRBN, XRTHANSERTRRT
MRS TR BT EENA T R,






T 0B HE BTN RRE LRI T 5 FIREGRIBIR

W&, MR, TSR . BT XEEERKERLELT— A, R
REHEKER VR, WAKEREE L, T —2BRRENA 2K, LRX
REZIT BAK BT s, WM AARS FIRT RO AR, B 7 RIBRAZ LASL, &i&EH
NS G AT LUE 1S3 T RN 7R, X Ao A B F BT 2 55 B BUnigR.
ARIFERUAN, HEBH MM ABMEARZERINNZXE, £dE+
FEMRRE, ARGHEEHITAERRNLE FHRE TIESHERE. (1) 2007 £ E.
H. Hwang @33 FEHLA AL BRI (RPAIFR B T A BIEF H R M Al 211,
WS A MATERR EHRARAR 7 A RSSEHOTHER, nxpE0o,
Fek ML K 55 F R AERN A%, HAELERM BT T AR SRR
TERF BRI REAR, W EBITE B ok IE., REKIPI%E, (2)
TERMZEB B, 2011 £ UC Berkeley #] Feng Wang /N # T A BIHHK KT,
18 FRSTE 35 638 8 YR B K AR 2 B A BB B BT, I B SRR IIE A BG%
BT i R4, IBM i Fengnian Xia A FAANVMEEN G BIERE
#, BT ERORENABHEEHTI. K. S. Novoselov 4 7 BIHZE BT
SAMERF RGBS, Bl A B4 Z MER T B RKF LI AT LB
KRz, (3) RSN EB, BN RIEAAER R A RIEHNEN (4
K&HU, BENT, PRALINE) #— B WME R T MK PO TR B
A BEEEREOT, L T ARBEEFUCH BRE AN, Bt R A E R IBM
# Phaedon Avouris JERRZH LI FHRH T A BEFEHUTHZRALH MY e
T Atwater SRERALTE 15 nm FINA BHEYIKE T LWL RIE 100 FHDH0H
KEFHHW, A RGSBBUTERII A T RELIMER, (THTHENS FIRIGA
HIUGF A B AR ARG RSB BUTE PR AR T LA BRI 2R
RIS R I Atwater /NHSIL T MR A BHEE BP9 FiL
AT, 2012 FEFHEF A Hillenbrand ¥R AR IAN 3 E N/ K 2K Basov
AR B RIE S A% B G B ERE LT ANE I A BREEEBRER S
fi; BiJS, Alonso-Gonzdlez %ELH 7 £ B R RIZENIESABRGERHTHE T
(1231, Alexey Nikitin*"I#1 Zhe Feil 158l & 7 A 246 % 2ROt AR LU BER
THRBHEYPUKEN L RREFERTE T . Feng Wang RBAB A T ER
B BEEE (Domain walls) MEEHITHIRSTS). GuangxinNi A T F 2
HHESZE BN AR EE R &M (Moiré superlattices) 45 14 i) %% 25 38 o i Rz [126)

16



E—8 g

AR B TR T S B2 ) 1 8244 %5 58t 2] Frank Koppens ¥R &4 1 A
BN 2K A R, LU THRHESERTERKNBKREMEMZR . (5
A RESHE ZEMRAE BRI R RE T USSRt S AU K&
ARRIEL BHE BB R RS ENRUEFRET, HHFaiREE
Léps M. (6) #4iHt&E (&, ) WAMBMABHPWESEMBERE
ZHTE RIS, WA R &R 50 BHHIRER SRR AR R A R
Sk, CLRFIHE R A BIHE R BT A S 6 rI AR

142 ARGFERLAEARIE
ABMEEBTHAHK AT LLES A REERRRR, 5 s
(Semi-classical model) "%, BEALHIE L (Random-phase approximation) [10%130],
EIREITAL (Tight-binding approximation) 31, 25— FIE 8 (First-principle
calculation) 1132, ki 53 HFEZELEAER! (Dirac equation continuum model) 3214,
HAVEA AR EE IR TM BER2E EARNERL. A 2BAAT
BEARAES, RagiEnT:
E, = AKX E = 0, E, = Belk¥kix (1-15a)
E, = Ale kX E = 0, E, = Belkxkex (1-15b)
Het, ETFEBEANMRONBERS D e, Me,, eeRATNBEER.
3 (1-152), (1-15b) WAZ I FHRA (1-3), RIBELENEDFKAM;F
(o 2 — 4 08 A1 KL Drude B RAERIBF)

_ _ o(w,k)i

L4 == (1-16)
KB (k»o/0 F» MR (215) TLIRLA:
= Sl (1-17)

igg (g14€3)
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20) WH, X TEFNEEEOT, MEEHEBA, HEKESN. XF 40
XA BBEREOTZ RN EXRNIFE, M TFE&BEEEUTE MR, ¥
AlRENHEEROEN, EmRE. ik, ARESEHOTHX MM RE E1E
ARG FAERE . B 1.1%a)FT7R, AR E R E QR SR A & e LR
R—HHSBREAFERTNABHEMKETEREUC L, ARIGFHBOTIIR
MEBNMFEEHEBEBR TS BN 4 5EE. WHE 1.190, o)fin, RS
HmPr R A BAL RS AR, H&EEF (Figure of Merit, FOM) Al
29, BAREREE.

nsh, MERERNETRESIMND TRSEB S EEBOTRE, NS
HERBOTHIMER. RS, SEBOTS XSRS UER A
RERBEERT. FEBTSETFRE, —THEEBUCHIIRERZAEF
EAEAMENE, HEBXRBLSES FHIRMELZ2FH, HRBEESE
RRIE. B—HH, ETRANEESSEBUES, ITUUEREHNREE R
B, XAFRANEPEEB TR T REX LB FHREER, NTTEKES
BootFdar. B, MARKRINBIE, HIRUEERAEEN, NMEE
A BHEEEB T U ATHAUERR A BEEEHTHZ RER— A
B MARNHFETHERIAABHERBTS THENRA, FREE
ISR F A AMREE AR B 1.20(a, )2 BB R T A BB SEEHEITSE Si0,
BEEMMSOEEETRE UERELERMAERR. TE T TN AREES
BrHRMESHAABRSEMHEX KR, AR, 5ERFEFHEE, EF T3t
AL, EAEMETY, UEFEHFEEOTHLRREEREER, #dE LA
KFZ B 1.20(a)f7~, 7E SiO, P ST R E 275 F (Surface optical (SO) phonons)
A E (0=806 cm™ fl 0;=1168 cm™), FEHITHILIRIEHEER R =E, 1.19(b)
FEREKAMAAFES. WE 12000, AREREERNS Sio BEMH
SOAFETUKBENTT BRSHPELE (BN AZEETRE, HILRmE
i — BRI BT 1370 cm™ T P K 4 2% 75 F (Longitudinal optical (LO)
phonon) FTH #1M# 7Y 2 7 -F (Out-of-plane transverse optical (0-TO) phonon) <820
em! B USEBEHTRKERE . SRABEUGTARHENEBRRBHENRE
Ak, 1£ BN B FRELA R ARER, ME 1.20d)FiR. S RFXFHR RS
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KR (8 nm) MAIMESREMIER 28 15 RESHHTED FIRFEBE
SR 55 BE A A% F I LA R S5 S BOT SRR AR L O R A6 S RBUC AT LR
PRS2 T IRSIAE XA S KI5 55 B BT BRI R BR T LU 2/ T8
3T REEERH .

FNEN Rt —PHAARHEEFEBCLAREFEN R RBEHER
W BRMSLIAEL, A BHEEROTAT RN TERE I LHRZ TN L%
B T HIGRMGE AT AR M SR . 5h, PSR A SRER EKI T RES
s, [UEREEED RSB FERMEE.

FHENAELRIR/ZBORRLE LERRE 7T RETRNREA BRE
BEna, SHLRMNE MERLRIERZRESHERERNT REBEER
TR E A At . TR — PR RBEAE RIS REFRIERE. SRR
W, ERUEHRGT, BRBERLIMERTHEEA Z T LW,

BARIFR T —FHHOTHERER (ER 150 pm) BZHBEBHTIE,
BRI & REREE . WEM=ZERT A RMEEN . FHBZABIBEPLINK
BAL A HE BN B AP B oAU RE, B HE KA FASMEEMERE F .
SERAIE SR E A IHERT T TEGLHE MR, TUERNE 250m
JEE# PEO MRS . H5h, ERZH 5 ik th o] B Dh il & K AR
2 BN fl MoS, &ZF 4.
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A (um) >> d (nm) (3-2)
B, hasbiEEBERREK (K410 um) FELER ST COMNF 10nm) K=EA
KERWKE, FRUOIGES FREERAEREIEE S, HEHEEERBRE. Wi,
BRHAR S FHS P ERMEHER RMIRENESHER, FREREIRANTHEE.

Bk, &SGOG SEIRIR R 8UE FIE #H 5 FIRSITE 8RN, XA
HEBMMUME SRR . KEFROIDLEEA, #—PHERAI LSRN
HEER, DURERNEEMERMIRIRR R 8. (LEZNENERHEREA
FTHEENEN. £FF, BRI AAEHEEHOTIEER S T4 SMNRYGE ST L
5&RBEBEBUTHIEEME.

32 IRBE/NAE
3.2.1 #RBLSMNRRIR R AR

BRI ZMECLR LA THRREAIMRIL, BERRERN, 4iMhiE, &
ARSI, PRAINEMET BRI LS.

F R 42 R 8 (Attenuated Total Refraction, ATR)Z T YA R VLT R H).
THAURTFERFNIBFRABANZERNE, ERFESHFUFSEMOAERE
ER. EERHE, ASNEBTER SN —ERERRFEZE, FHiHESeT R
WSCER 53 L1 5h s o R 2538 T A A X N 5 6 BRI, BRI R E X R E(E B
ATRBREERY, REEFXAMEMFUNIMSHAENIR FHERK, &
FHmERERIAR %, X EERH SN KRR EREEENRERNESEEE
WFFRRH . BR, —RH ATR FEREHERIR G —EIRE, M AT THRN .
BERFNDOTHELER, FEEABINEREENERT4EER, FHBRER
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SRAKEN B T HIRF O RN RS T EE & ZHA. BRELNHIT
R R RN S BT (SERS). #40 TRIBY KPR A F MR ECEEZRT
e R 2 T 486 5 s B AT SE B o 7 BEARBA B Rt BT LA R AT S B, AT 040 (TR
FeiE P {5 S BENIE. BAE 1980 4, Hartstein 2 N IX —HE SR T 446,
J SRt oAy 46 MR T HE SR LT AR ) BEALHE 1 O SR 9 K Bk B ) 3.6(a, b))
HEBEBTHIRAL TR OB EEA (RFEELIMNUR), WRFFHIREN LSPR
SR TS EBUT, HIRERIE MM AL MRS CERFRA R f THz XA R
LIR) ATLARIBRY 5 AN BELN BE FRMIGR (B 3.6(c,d). SHIERBRIIKE
HEAEKIEE RHBALIE BInERBRE) MR, REMEERTHIRTEELL
SRR, X TR T RS BT IR SEIRA 7715\ 7 “3&4R"SEIRA XM ARIE,
IX — 77 B R H1 Neubrech 25 NIERA (& 3.6 (e, £)). 3+ ELAEWSH I 47 T B4 K R 4%
RES BB EHIKL 50 attograms K43 47906, TE8 TR LER, FEHATE
S1F 4R SEIRA B AR UK (G S B RN OIS E A RRK & BRI S4
ML DLRIRERMEH AR RSB RE (B3.6 (g,h), FKRERL, JKERFE, 4
KEM (B3.6 (,))) MGERRmENS1T0, Jrbh, EBFR T RSBk e
HHA, WTUEE MR A UMERBA ] E KR35 SEIRA 2K, BT MR
BERNARIES TR, ERART RE R SEIRA R, FlinmbigasMes
BARUS, S FRISRAIMEN /1% (B36 (k1) dR%EX

3.23 ARKFEHTEBAISNRRIFRIER

B, HTHMEFMETFRTEY, ARECHITVGEER RS RE TR
BRUEKRERBEES . Frlth, FBEEE AR DUBE K H2Z M sMX i
HH [ 8 K RO AN 45 2 LRI X b FLI M B /8 A B IR E B BUTRE
TEFOA KR AMERE M Z 0N, I B CEERERN KRS RHRBIELES
31]

RS ST T AMERM LR TAERYIZH 2014 4 BM LA
H(» Phaedon Avouris BRI LR, MAVERABHEWKFTEROEZET, ¥
8nm EFE PMMA RO AMNRIKE 0.25%IREE 0.63%, THE KRN R S5 1% mn
2955, s, MANELH TEE FHRBTEERKEHNENRS 10nm, FLLZFE
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RLo JE6IR R N EEE BL e 8, RILTEMFEI IR 2 MBI T, Fokaegi
EIRBNEHE . T AFEM &R, EAERNTKEERT, FEE KW SRR
AN, HBEOTTIRMERE BRI XRERANERENEZHRERHTMIN LEL
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REMD), FEE ST RAETUIEAT RN . X R RRS . SRR
S

LTI R I TR RAL T, SRS B R R E RS, BB
MR (A R R S R R XM TS RERWMA, 25 SR TAK
fF ok

SAR AT R A ARER SR RRSE, R BT EEE TR TSHRA .
SMEEAERSR, STARKERRSES, BUSHRGHEEM.

eSS k4 R P AR SR TE SRR AR AR A, 3142 4 57 1R
. B STRSO T BT R T . 3 AR . MR
. TTRICTRIRIE « 8 U H L R AR R . ST BRIk
BT,

422 FERSEEMERSFEN

BT ERESSERMIBLS, ERBAKE . 02BN BBHEHMERRNS
HRMBAERARE. B, REERNFR, RAMIKERRR. ZE TR
MELX MBI RE, L TEMEZRRESERES. SARMER, —#2
SERECET, W NO2, SO2 0%, XIHE=4 P BBR. A—FMESESTEM
EHRMLE-T, W NH; 2k CO, M#EI=4 N BB, XHMBRBRBL DELEM
HER S, XREH/FAGEBRNNRE D THEERNEARE. MITHRBE— KT
2% ppm £ ppb KIESR. ARG LNENRSEEEZTUNNE R UES T35
AR, KB B FMENKPR. BETHUPKMER R ERE, BRTLL
EZRTEAEEMREUE. B2, XEFRNTEEUXIARHENSE, WER
A Rz B ] tHAE 5 S B
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palladium particle. (f) The resonant frequency of the plasmon at different concentrations in the (e) diagram
is extracted. As the concentration increases, the frequency permittivity increases and the spectral line
shifts to a redshift. On the contrary, the blue shift. The measured results have a good correlation with the
actual hydrogen content. (g) A single metal plasmon gas detection structure with a spacing of only 10 nm.
(h) Images of SiO; matrix containing Au and NiO nanoparticles. (i) Bright field HR-TEM images of a
Au-70TiO;-30NiO nanocomposite film annealed at 600 ¢ highlighting the formation of TiO2, NiTiOs, and

Au nanocrystalline phases.

FBBROTHAT SRR K E EBRECR B TAUERB D A 2 8] P, TAME & A0
BED THAIRE . XSBHERULREFHOPADEE, ——SED T RN BN AE
BIERIRBD SR FEAT L T B A ER RS N ESL. I, 8 nm K PMMA [E7T LA E
0.25 % KLU SR, Thi& 248 [ B9 R 158 B 77 & 1000 ppm NO2 BT 4A R K Si& 5 mm
B . Hik, SEBTBEE7H MR RETEENET L9k, 8Es
EafitiTEeEEZKESR HLERBOTES G THELERKZ R KRE#—F
ST SRR AT R A 26 E B R R IR U R KR T A % sk
AR SR TR, TS ROE 580 SRS B UTHE SUE B S IR R 8
.

43 WIS RRIAE
43.1 ZEFt

SRR P HRME VETE LINERIRER, R SERE FNEF<k. S5
ML AMREIRE KL AR SUX, BILRA TR AR ZER A SUR MM B R X i gUE R R
T HITFH.

ARFZ BTN A PLEE R AR, S0 FIRBHET RS . Eik, BALE
FERIUET RN & .

FESLIOM S A2 & S B SR M ARIE A0 AMRIR, 7o SR Fg s, HIRME
SRR BIEPAF R T EAEMAEE.

432 ¥ERH&ERFRIAE

(1) ARBHERKRLET 2.3.2.1);
@) ARBHEBLET 23.2.2);
(3) BIFHI&(LE 3.3.2);
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N, FEME/CaF: B HITH L AR BEMEE THRBUTHRIE. #H 400 nm CaF,
HAEHER T SiO # R BRI FRRIRE BN . [FEF, 400 nm CaF, 7 I8 8 1 7] LUE
A B REN B BT Acve= 30 V R A BIETOREES, FEFIAILIRIEH L
7E 900-1400 cm™ Z [A)1A¥E . 40P 4.5 s, FATI AT LU sioae % i ) 96 5 78 o 58 A AT
KA K X 35K(900-2000 cm!).

442 TESEHIELSERS
BTR, AT RAEANA BEI4E RN L, RITRAETLL, FEM
EREBNATRER ZHENEFE TS TEAZTY, 84 SO N0,
NO;, NO #1 CO. B 4.5(a) B/~ [ EFEBUTHRME LAy FRERHEIOLE. &~
[&] #9495 (B0 100 nm, 80 nm, 60nm, 40 nm 125 nm)% HIFH F&FSEHR, LA
WA REEE T HRBUTIRE S TFERMK 2 FAINE LRI AELA . B4
P B K BER (BB IR IREF AR (K 02~0.25 V). W 4.5() #F L5
N> SARRHAEMEAL BT DATE S B T ARG R NG . 2R,  RATRTI
RPN LT FAMHA ST, flin, EZEARSEMERT, HRERFH
MFEALT 1347 A1 1374 em™l e 5 SO SRR 46 FTIR JaiE 40 RO AR L (R 1E B
4.5 RF). FE, XEMEER] AAE TS FIAINEEMREIE R, F
FYIH i R RSN-F R R, EAEEXRIER & T CEy KA MR ZIER,
BHEMRLA P-3CA R-3CCY. AT #H— BB AT, FATLIEA S
AR BAVBRBIE SRS P-FI R-40 300,

- 1+Z|( Aepi(C)0F; + Deg i (C)NG; ) @-1)

0} -w2-iypjo = Qf;-w?-iygiw

KA, Qperyi SR PR)-HIUEAL; yp(r) PR)-STHIEF ; Aepr)i(C)HE P(R)-3HI 7
THERENRGRE,
HE—FMEARFESEKRE C, REWEHRIGEEXR,
A =1-exp(—23{k}d) 4-2)
Kfd =7 mm BEZHEE: k= 21/A)/eg A2 B HIE R FHIBK. NEHAE
HIARIKE RIS T, $REUHAepr) o (C) EMERMKBIHI R E R R, BRER 4.5(b)
HEEME 4.600)h, XMAFEBMALL-RERKSR.
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51 8|8

MABRARMAROLEH/ET IS, TEAN, TFRREKOLR TR 2
R METAGHRIMOLE T RS, IMH—RBTREES T ERAHERN
EEN. RRAMELRMENARENRS . X TERRTHE, TURRIEHER
AT LSRR | S5 B BT A5 M NS 2 (8] A ELAE A FT LAARYE BT R I Th RERE S
SR AES . RETMB, BT SEIRE . FARITER, HARKMPKHER A
HIY R, BIIgeKEEN A7 B A 3EE, T LAEARRSRMRE L3t & IRt s
1. RERARK R RAEBBOTHIFEN IR T HK7H, SEREMEEEE
KR ST RA FI R SR A% S

W, UAENARBEEETRHMATERPELZHIHRIMER L. Fla, &
JLH Si0y/Si B A 5 KR HIMHR AT HK R, BT FEK h-BN 7T DUREH 2
HEEBUZ IR EUND, £ RS R R 245 LA A R R RS A
BHJE R S B et AR R S NI 2 RCIA L M Z B 4 CaF, # R F T 5
A BHEEE THRBOTRAMEBBR RS THREE . WK, NIRRT
ABMEEBTRECBIREN RS, ERMBEERIRG] . I A 24558 7 4B0T
ERFIFEMEMEL BREELT RNOMNA. flan, UG REEBBouEME
ST LU JSE it R AR T RE S, MTTECE Y MR HF B THRE SR 1 - IXTHThAE
ERNATEMES. SHi%. BT RENERET P RIEFEENT. i, FiH
B AT LU I SRR A O AR, R RESRERE. RERMEBEER
TLHIREIE SRR SLE B TIERE. i, AE2ERHEMENCERITTES
FhEAREERRTEF. il LA REEREoTh T EIWATREYE, FENMH
TEMEEABR TR

A%, BAEL LR ATERBREEBOTHOMR, HETREWFHTH
SIS BT THIR Y TSR RN . Joke R SR 55 B T BT ST A0S A 1 B
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7 VT R AE ) 4 5 BT A MR 5 NN &M A Bk BIiRIE M B 6, MLAEILE E
MshA . HERSEHM TSR EERMERZ b, B A, 7UELHK
RETHRMRAZEREH, AMEINEEHTHaIARE. wEFxR, 2010 F
Atwater /NZHU3FT Baumberg /NAUREIR #1872 F R R AR RIEN & B .

FERRKB AN T, &RBIT DR IERE RGBT — R 2 48 45 i 18 85 7T LA
EREHMPK R EZ 2T, #mEm g IEL. Awwater NATERLH 50%
MG, SR THE 10 MRFHEM TR IERGE. tit, XN ARERTER
AR, BRBRLMLLNE, HILIRIE AT AR EIKE . Hatice altug /NHATE 2011 42
HAE FGUR LI ERR I 5V BB B R L& KR KA M S Bt .
AT & B SRAE R AT LA R iR R ThEE, e ASEIL S Hr A S (&
3.10 U,

BT EMEMNEBEEBOU LN A T#% 7M. Garcia-Vidal /MNE7E 2012
& B AT & FIEF A RE S S 74t (conformal surface plasmons
CSPs). XFhREFH BT T AERMEEIE b AR B o 2L SR 14 38 4 S Va Bl Y
BEATKEE AL 3. XM RRMACRERTT AT . 18, EEHRERFRKER
KWL, Yibin Ying /MNATE 2016 FFF K T —FhE: T 5 A 01375 B 78 L ) Fr) 3R T 184 SR
EHUH (SERS) -WRER & MR, XFPHFE K SERS £ 0T LAE F Hh i 35 2R
REOUHERSTYNRRES, REMNAFBEAEATAERETOHBRKAKERES.
BRl i, R @A L M BRI R T, 3 AT LASE AR E hr 2 AK 8. Dahlin /NHTE 2016
FHAAAREREYNEE THRREORE TR ARZEB TR IMHHTEBE TR
KEMEHEBEIEEME, BRI . PR e Ef e . XHEAR
DR THFE (57 8L e F ) S S8 RV R TP RE T — P B i) B Bk 1160,
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BT R AE AR B E RV, Jianfeng Zang /MATRE T E R EEXE F RSN
K45 25 i AN 2 18] BE AN T SO0 IR 4% 25 BT i A M AU SE AR AR 22, 7225 AR
BT, N. Asger Mortensen 737 7 A B4R A ZE K UKER LSRN 2 PR 1 R
X,

R, ETFREZH THARKERH OCRERBILRIESL. XEERLHTH
PUBR I THAR (s FHREZ (EBL) SEREREFRZIM (FIB)) EFRMEMIURSE
AR LRSS A BE ARG (49 100nm) U, oAb, YR RGREFD
AMEB R RIEARIL, FEXIEPE S T A EREEERTHRIE, A RTna
S B R KA,

HEARBBRAVKAYE M EEEHZE N LRR T RMA BHEEBUcE
. ARH/-BFRERNESEHTZIMNE SHFE2EE 1 mm). SlFHTH
A RAEEEOTEAR RIFHAR et UL R TSN . R B R A BRI S
¥R EE~100nm B, WABHEEE THABTCHEEER. b BEFRFENT
BREA B FREEE F ST KFam.

5.3 TERIHS5HRHIERRIE
5.3.1 S

HEREARGEEEBCHRER BT EENERER. HABFIDEEERE
40 PDMS #1 PET % i G WL E S W4, BRILTE PANR ISR £ 8 M0 FHIRsB .
BATRALHM = BEE. FHACAGREMFIEMELE FETT LA RE>80%
(25.26], W R R 0 BRI By F B W DAE = BFER A B FE 1 & FIKF R, jhsh, =EHE
BAVZ HAMARHMR S R, WREERET. BRI ARRAERS), ZH
BRNZRBEREATFHEAEKNRERITR. 5ZEMBEEHNRRESEN, CHIE
BT A ok BRI 28 503, SeBUROLBARNE & 7 B ED,

BRABFSEH T ERANZYPORETEN . ZRERATENREEMEE
BEBRER EINTHREFHAERE. T RRFETRONMERN S, BRIESR
BRI EORL B Si AT RIE AR N T G ELRES 4 B = BRSO R R, RAVEA PMMA
TERRIR. ZRMEESELSERTREBALETEREH, AEMEE PMMA
BEEHIFE, BAMMAPKEBIREE. AT HRIX/EE, BAIE PMMA L
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Figure 5.5. Schematic diagram of the typical procedure of back-support method for fabricating the

flexible graphene plasmonic devices on mica sheets.

E T K, 950 KPMMA ¥ L 2000 rmp JEIRTE Si 41K b BB FIIER LT,
Wb B = R RARE ETE Si R b FEaLTE 50 CHUE 15 4+8h, fFf PMMA B4
FH2. RJE, BB 280 nm 950K PMMA EIGIRTE A B/ = R E AR,
FAEH EPUR 15 nm ) AL BEIER T EE .

(3) FHNE

KRB ERNGE PET B (B 200um) F. PET #EAEREE S, &
IHRRI B — P = R RRE, HaRERAR AR e .

TSR LIRS TR LSS s R A RIS B T BT

54 LWERSTL
531 ETRUAEH-ZRRERENFEHEY

B 5.6 T REABREEBOTREN THERE. RARMKY W #kH
HRBHPUKTHEIES] (GNR), UEIRFEME =8 RSN 0 . B 5.6(b)
BRT 6 WA BIHEE T ABUT RS ROEER . B RAES XM T, #4F
i, BA KA ERRE . B 5.6(c)fE 5.6(d)ER T GNRs K # 8 T B M5 (SEM)
MEF RS (AFM) EfR. GNR IR EFEASUEHRAIM 7% RBE R/ T 100
nm {15 RS TR, HOMERHEIERRENREN. sRERNS —NEE
AR KBRS AT SG B L RAERAN T NNTEENE T 75% (B 5.6(e)).
B 5.6(0) B/~ & TRER O o] ME R BN MR (<8 V) SEBBKTE A B 4% %
KEER (> 0.8 eV) BB ABHEIR TFRERNA ISR, RELARHRSAEE
LEBUTHERDSS), XER _FHLRPBRASIES.

I8 B A R AT A B ORI AL (FTIR) FAEF B 4% 5 B T e ikt . 75
gekF, SMEE BT RAFTLG RS MR RGBS LESEBTMERES, B
AR THABOTT U E SRR . BT A BE0 RN, ER RS ERR
BEEFARBUTHEEIE, T=1-Ter/ Tone, FH TCNP # TEF 4 3 R7EA 24 1
BT (CNP) 1 Er AU RIFIE STHE .

122









FLE RMEABBEHBULIMERFN

o, 2.5 mm and 1.5 mm, respectively. The scale bar is 0.5 um. (g) Line profiles across the plasmonic

fringes from the experimental results corresponding to the dashed line in (f).

FATXS A B AG-Z B R AN EHBUTS#IT T — R 5K,
57@B T ARK-Z6 (~120 um BE) RELAEMAE#LL 3.5 mm~1 mm )
ARG, BRFSFNENAZHRE. IESHONKE RERZEHH. B
570yl T FESMAES T LR THES FARBUT G R . X L9 % m R
FEREILFHEE. SNMEEREPEHE - REKE, ERETASHEE FEE
TEFART AL - P P 2 B 4R 5E T SEIR ARG AT [EAVE R AR, B 2K ZE 1 mm,
AN EAE MERJHEAHIAR. HFEEBETFEOTT A RE, SREREST
FHEL, IR ERERN. WELERASIEL, RITERBEK LH&HA RS
RS AE RIFNFRY, ATLAZBRREENZ i, R REFLSE TR
MR .

HARAE (V), HHEE (Ext) MIGERET (Q) REEBICLIRNAPREE
FI=AMEAREESE, RATAE 5.7(b) S50 i bR IR R T R B E ST 12 10
FFHIEE, S50 RARBAT T K. EARE HE 2 T HIRMBE B RTEE N
Av=25 em s H5E BB ITHIFEIRIAZE (~1600 cm™) A5 FA L RIS F % (FWHM,
~330cm™) AHEL, RAMEMBFHBHIEE /N SFHRREMBOAAALL, HEE (E
5.7(d)) FgREF (B 5.7(e)) FEE 42 K5 5 8£0.05%F1£0.5%, A LLR
BT, X e R — I LSBT R LA T R E M, AR
PUbkE € HERE . L

AT EEMEARASE 32 FH&T ENRREE FEBUnis [ e as b,
FAVE TR L% B8R (s-SNOMD X234 78 R )25 il 242 i 1T Butg P9,
LR PNGHEOCHBRINE K 895 em ', BEMARBKREEE L. WHE 5. 70FR,
STRAFIHIES H12E42, r=c0, 2.5mm 1 1.5 mm i, 784K TR AE 0 4%
P B .

FAT T R HUEHIIN AR A SR B RN E B BT 5 EA% R E Rk
MERBUTHK TR, B 5.7@%H T M s-SNOM B F IR E i &S5 7 2 ]
MAIRE . ERRAMEHEET, WENBREEBUUERES KRB MRS
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(&), () AHFRESHMRZAET, Tl 500 £ 1000 K2 J5, 3B FRER M H AR 25K
BB A BB TABUTS AR E. SR TAIREDFIBRE, =ARMESRER. &
HEAIRICE TRRA D T IRANEN. (2), (h), () RAEZH 1000 KEFZE, FBFHER
I, HICREM TR TR AR RKRANR L. REELAURSLREHTEES.

Figure 5.9 Broad tunability and high durability of our flexible graphene-mica plasmonic device. (a) AFM
image of the GNRs after 1000 bending cycles. The scale bar is 0.2 pm. (b) Graphene resistance as a
function of different bending cycles with a bend radius of 3 mm. Horizontal straight line: a linear fit. (c)
G/D and 2D/G ratio value of Raman spectrum of GNRs as a function of different bending cycles. Straight
lines: linear fit. (d), (e), (f) Extinction spectra of graphene plasmon device at various values of EF
controlled by ion-gel top gate before bending testing, after 500 and 1000 bending cycles, respectively.
The plasmon resonance peaks are indicated by circles, triangles, and squares. The vertical dashed lines
indicate the molecular vibrational modes of the ion gel. (g), (h), (i) The plasmon resonance frequency,
extinction intensity and quality factor plotted as a function of the Fermi level of the graphene-mica

plasmonic device after 1000 bending cycles. The grey dotted curves are guides to the eye.

252 % K5 MR T M R AR R0 R M B IR M R A 7 — AN B AR A
HREHDEHE PR T ARE-ZERREMEE T ARBUTS 40 AL, X
WP 75 MRS T 1000 KfE, SR REFHRE. AFM KIRIEZRIE
PR EARAE RERIE (B 5.9(a)). 34 B 2NNAR A 2500 B EEBR
fag (B 590)), EARPREFE~15 KQ. B 5.9c)Er~HE N ER G/D 1 2D/G
W AR SR A TN (<12% ). 3 RAFHIRMEERIKRB T = 8L B MU
It ZREMEMERIETFEE —MEREWHINEERIEY: FHREBINRI
HRETHERETFEER, BARERSHRIE, BEHhKEE (~1TPa) MEE (~
130 GPa) 1142,

BIEEL I T 1000 REMEA G, FEFEBUTHEOLEREARFAL. B
5.9 (d-D 4R BRTESHMAZE, ZHh 500 M 1000 REA R, ZETEK
TR ] B B PR RE A SR S5 B8 R Uc SR P T il . 1R I =g,
BMGERSHI B &SR TSR . SRIG 52 208 F BRI 004 o [ 98
. B ErM 03 eV AT 0.8 eV (FHRKIHRMIREE (Ve-Vore) M 0.5V ZULE
6.5 V) B, FEHRATEM 1303 cm ' ZE4LE] 1680 om o B b5 A B SR IR T 55 1k
BHSFIRIERN SABHEETARMMEEER, X58 _FNIRER .
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scale bar is 0.2 um. (d) Line profiles of plasmon intensity s across the graphene edge (the white dash lines

inc).

B 511z T ABREIHTHEK O 58 BERKEK o E4E L3 K
REAMELXR. MEFTR, ERRIMERN 1300cm™’ &b, M/, Bk 48, XHAERIE
BERMRKREL —EUERER Q=4 HE—%., FXGEAT, SHETHE
KK, My /D BB FHEBOTH T LUED t=20T Kit+%E, X+ T £ Fano
BRI AT A TH L S IR A IRIE FWHM. B 5.11(b)R THEAHRE =B
JEA Si0, B it EBUTHI F i bEE SR BT IR M E R FEE SLIREEE N,
EETHRBOTEWRIK, X5EEFH-ETFREAX. £55~1000cm™ LLHIRIRK
ANEHE TR, SiO7E 1168 e WE —XRBRREMAEFE F. XEFEF5EHY
TR EEEFRAER, SEBBOTHIRMREIAE FHEN, BAEKNFE
. EARMKAMEXAFTELHNAETRE, MEFERETZZ N TFEEETHE
. ARHEEFHE SR LEHRKFGLOR 10060, ARFEZBRREWE
1300 ¢ m” MIEHGE 800 fs. REERB T _4RBBLENNZBETFHEMEEK. XK
K, CABEEETFHRENERARTER & 1580 cm™), ZREE EHSEHTH
AR T ZEHRER. XRENEFRFEN = SERRELD 7 RERRE R K
IRRFE .

HAMEA s-SNOM HBEFERBERIFNEFEERIT, NaGAERIETH
ERER. TRPRAETRERENERIBEMIEIE A BHLIRBE TR
BT, BRMEK 89S cm! (M=11.12 pm). B S11(c)BRT MMERE EiESLEH
THEZRER CEHREH=ZMRRES). FITTRBBIDLHKXS BRI LS
HERERER FHRBTSUE R MES FABTE TR, REBRET M2,
B 5.11(d)RER T AGHERMERES . ARF-ZBREEMFH AN 196 nm, 3R
F~57 BIBACBR S T H B1%-Si02 B A A 220nm, HKEFEHN~51, M =BERE
IER . XE5RNKTHETRMEBLE R —B. Bid Woessner F AR HEMES
BHMTHIZRE yp=Im (qp) /Re (qp). ABBE=T LM v, 122, H Si0; K~2
&, REEHLETHIRER. ZBRTFHFERE LA RKS A BE-BHM
FRET KA, TSN, P FERE @I ENERIET UL ERNSE
BTHER, HAFERNGEKERMERE Y,
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FIEEh BE-Z R REFERMFNEEBLERAZZ RN EMRLE,
HAVE— S T RS T4 SEIRA WM AR LT, BrERBERAE
SEIRA 7. BTF#EE S PEO ML A E BN BIYIEE AR B FR: X1 -
3(CHz2)s +3(CHz)a F1I: §(CH»)s-8(CH2)a 1461, B 5.12(a)F, T ARTHEET,
LEPOTHE S(CHYMRMFFAERL. B 5.11(c) R T (a) P &K FA 5 EFRAE N1 35
HT. YEHLRECRN, FETHRBUHEBRNS TESRESE, IRATEHT
BRI ERBOTEEM.

M 5.12(c)fn, FATAAR FKBER B EF B BT H L HRI T 1000 (K Hi
B G (BH¥2A3mm), FEBCER S(CH)RAMIFMEILLE. HRKEBEER
0.56 eV i, FEFHILIRIE (~1490 cm™) IR 1 F0HIRSIINEK, *THHER
BOR KRN, =5 B M/ b G, S FALREREENL I, 2TFRME
THEE. B 51202 T IXEHEEESHERRIEE & B 5EE TR IREZ
Z (VResVMode) MIBILKFR. ZELHIAT, 500 RIEF () 1000 KIEH (BEE)
J&» TR —FORBER T ABERMRLT I — B ZELREAREARESHR T
SMEBER RIS P BT IR R . BRI R AHIE R T R A RG-S &
RRANEE T HRuEHE SEIRA R A H BA RIFHR & WA A .

5.5 KB

BATEREATRHATANGRE-ZRRREZHESBH OB, BTERK
MERRARRIRMER, SEHCHHAGRBOTNT e (BHEARE
1 mm) MZREMBERE (1000 K) ML, BEERER, BTABREEH
TCHIRAR AR ST, AL MR TREIL 150 nm Y, XA BHEE THR IR
FCHSRE A R E T R E PR B TR R AMREE R T,
BR T RERMHERNES th&F T SEIRA IhfE, ZIhAet AT T MMM, it
AR RS R B SE IR R R B TS S BT F B SR AR IR
MEFENHRMLTFE.
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6.1 518

BRI AIRIE R KT ERAR K RN EE—F  ASOGIER P EENE
MEFBZ—. AN ES R T EERHEERME AR RSN NY . D5 E H
RIEXMAICAA AL R — KM, FRATFLARBRBMLHGIENESHR
BEFALI TS RIUPKAIME S RERNERESHEERNER, RE5H
RBHMBNERES, ATURBHERES. DMEZHES (EKERSE
WRERHG) B, HEGIMESHRBREZETNRERE/RNNRERES, B
A LLZEE . BR, HTFHRKRERER, EEMLE R HERBGE R R THKE
R . RMENREERESIRS, BHIANTEZBHTMAEBIES. &
ABGH B WA HIRTIR T, 0 T 3% — A B ] LA B R 7 AR o : — RIS (E S
) a0 FABRATT R T B 70 1O S5 BS WUC 3R T i« 54— PRI AT I 7 i R PR & ALY
R, ARSI EERRIRR. EEES, RIMEATELNET A2
WEAERFTRASNE AR, 3 HIRABE T AR GUK IR AL AP 0 & o 9 R A RUR

62 MRERNE
6.2.1 fRELIINE AR

AR RN R A BB RE— R0k, BNATOI AR . R
AN B SR R EMA AR B LM A B FZ A R ST
HE. BEEMLIHER RIS FHR: (1D Sa5ERN; () AEaE
HRIRBIER]: (3) (2R R (4) BB T KMAIER; (5 TR (6)
BHHB: (D) BFRER. WE 6.1 R, FRILHIEHHEHZBEREBTES
N=EH: BE. ZEMEER. B 6.1(b)ERT —EEBaINE A MBS R
REATRIE B8 I T A ER A RIFRIE e I, 2 mm B I EALASTE 1500 ~3500
em’! HIETE BB A ERN90% . REXFNBIREESZNATCERNEMRR
MERY, BR, NTREEESCENFLRHRAE, HE LS ERFMS.
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mE 6.4 Framsz 7 LR ARKH & B0 MM TE. B 6.4(a, b)FTR AN
FIBHITE X7 R5 W R BRIV B 0L, R 2 7 B R R L6 & H R fLIES.
XM TERENBT ARERBERER, RERRGE. ERREMEMRK, il
R, HIERHREMERRD, BFEIFIUBARST). B 64 (c.de) FrmATiik
BTk, RMITER CVD AKMNARKRE TEBERLNER L, KFETMAME
BEMESERETEWE, BEREPMM RIFESIIFG. GMATRAMKA LR
KRBT A BIFF LI SEM Bl XFMITETUSGI&EE R ZLBEIINETA2A, H
2 BALMTEARKIB O UK RN, B 6.4 (f, g) B ARmERE 775 & &
ThHEH. BARARFHETRERL, Bl&RRENEANESY, /5% H BOE
BRURTER, & ST XM TERENEZ A RMEF A TH & BT84
ERUE ML 5 51 N F R AR B), B 6.4 (h, D PR ARIEFF RFNRIERE T2,
K AREA PMMA RIPEHBERTAEL L, KRR ETEER 9
BRI REA, AR S AL X7 LR LA R AR R
TBMEKRNWRET A BB, X7 U & HEARAZBKENET A 244,
SR RMB VAR LLEFERE R, BIMEBREABRED., CVD ikt LI E#E
AKHBTABHEPKET, HEEEZE 10mm £A. HARANRIESE S & HE
Fr IR B TGRS ABR, X P ITIEME LA % B KEB BT A REDL.

6.3 EERITSHRHIERERIE
6.3.1 LIt

RBRKERET A BHORRE T RBIREPED EREHENA S, B B%
EREFEBIMALEERKSBREETENA 25 B ETRIBTH T EHE
5k WA B4 . B, BADRIPERMBETL, R A BH/PMMA HIELUS,
MAERAL K ZRIF HERSRRGEEMET . ARHEILNEERE, Bt
WAREN . KFER LB PMMA %5k, HBEBEHGUE, BRERYEENED, #8
FEdh. ERIERRE, TEXRMRTABRBIOMLR, BRREEFNELRE. 5
KIHFT DMEF YK PEO HREENEMR, ST EE A BEEBRE NI LERERE
MY, BT R GE R0 8 AR I B 45 RAE ant b N T ARIERRIIARE AN 2B
KRBERBMEH, WURBLERBHES.
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Table 6.2 Comparison of the properties between suspended graphene and common conventional

infrared window substrates.

Average transmittance

@(4000-1200cm ™) Cutoff edge (cm™) Water Sol. (g/100g H,0) @25°C
Graphene 98% none insol.
MgF, 90% 1500-400 0.0018
CaF, 92% 1100-400 0.0013
KBr 73% none 53.5
ZnS 60% 800-400 0.00069
Ge 47% 600-400 insol.

Ea] ME RIS A &R EHERNBTEH. B 6908
AT 1ZE 3 ZENAREER FTIR A, mEFR, 2EASBHEEFEE 1700
cm! NFHTEE A 2R FROME . X2 BT A B8R RN KER 5 1,
BEE KRR R (Bp) S8 mBKNT s, XNRHEKIALE 24683 . Drude model
A1 SR A I e 5 e 05 36,

R ()

hzn(®+i/T)

NTEEREBNZEARBEN, TURARE N MERZHANSEMERE N M8
AT T BB,

(6-1)

. 2/ NL
N ie"(E
6___§a=10(a)_ ( F )

- hz(o+ilt) (62
EART 2 A BEERING N KRS,
EM™ =z:’=1 |E@) (6-3)

A B 2 B 3 28 T4 B SR B BOK BRI SRR BT,
6.9(b) BnbEE A BIEEH M, ERKEER. RERHN, BEEHENER
JLVFRE RN BBRERNZ EARBEHNES B MRE =& HHER T, Filin
PURRI B A 2% b % LR ABAB. R TTR, BB 1580 cm AAAFELEFE FIRIK
W, BENLHES BRI IRA LANEHEIREIBE R4,

HEREENR, #EMNZEABHNINREREZENmMEENE. 7 RE
CEIFLEFERMIMEE, ErHERmRER (~1TPa) FAMRE (~130
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vibrational modes where the IR absorption signal is below the noise level and could not be distinguished

using a 500 pm CaF; substrate because of serious interference from the substrate.

BT KRS S A RIS K B % AR SRR R A M R R AL, BATE T RHAR
¥ KER CVD BT A BEBEBERAEAI/EIEFHEHER. B 610 mss AR
WA B R R MR . YOREER PEO BEEMAEM Y, BT
B RFH R R IR E B /MEHRIIER", Wl 6.100)F1 R A%
PEO ISR B ST A B1% L UG AFM RIEME R . PEO HEZ 20nm, 4%
EMEM PR 4em”, REOLEHN (1-T/TO), H To AREMEFEREAS
%, T ANEYAMERELRKNEIHEE. BFEABBNERN 150um, HRTEFEKX
FEBPFEHAPIIINER (HE25 um). B 6.10(c) N 20 nm B PEO JEERZTA
BJ% A 500 pm B CaFa 43 & LML SR IO 3 EL B . B B 6.10(d)PT LA H
BEARME L 20 nm ) PEO RO IERER S, BV FRREEKTE. IE®RER
TR BIHATR EXTSERE L FEE M. R, 500 pm B CaFr 41K - 20 nm EH)
PEO ML Z E ™ EH . CaF, BRKIRIAGETE LR, SEEN PEO
R E A, $FRIRERUX (~400~1500 cm™) T, HiEMEHLEATE,
X—EEER IR CaFy BXRYUERREMELLXE. B 6.9e) B KBEBEH,
CaF, 2R 5| AT HXT SR BUE R L™ E. R 6.10(d)+, BE X Fxid T ast
W s S K T 7 /K P T VAR BT PEO $RBIER . Xt L& B, 7EIX SR st 7
CaF, #1J& L) PEO HMRARARRE TSP, ELUPA. SZHL, 725 Erg
TESRE, BB S, AT LA S X RS 6 B 400 B 6.10(e)FT7R
MBS T LR R ' ‘

LLAMGIE R UIE B — — X NI AMRENE A, ﬁ%*ﬁiﬁﬁﬂ%é’f’ﬁ]ﬁiT
SN o T R FNEE AL AN S BRI, IR AU (R 2R 4 St i SRS LA B AR 45 SR 1
T RE ER . £ CaF 4B FUREE PEO WRCLEXMELAS AHRMERNEER
CaF; I ET . —MRMAINNEL AR EMETH, BN, FERERRRE
SERNSE, EEENETEPIRERGESRERLNGES . XFHRENITIRZER
WSEMNBMNERES SEFERGNERES 8, BASxlRLESRER#E.
X ERE T NEH THRESRE, ZXTHRERE S ENRENTER. EE,
LB T EN EHKE R, FROESTRELHISE LR RERD—BEE
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