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Abstract :

Recent research on a technique for transferring a CVD graphene on any substrate has been
actively conducted. In this work, for the application of the resonator device of graphene, we
proposed a dry transfer technique above a shallow trench with a simple and low temperature to
form a freestanding CVD graphene. As a result, we succeeded cavity fabrication of edge-clamped
drum structure by transferring CVD single-layer graphene, the cavity size was achieved to be
maximum diameter of 8.5 ym and the minimum depth of 670 nm. We obtained Raman spectrum with
2D / G ratio of 1.88 and few D peak, which indicated that the edge-clamped drum structure of the
high-quality single-layer graphene was achieved. Further, by observation of Raman spectrum, we
experimentally demonstrated the usability of poly(methyl methacrylate) PMMA removal in liquid in
the fabrication of edge-clamped drum structure using dry transfer with PMMA. To evaluate nano
cavity length between freestanding graphene and Si substrate, we measured optical interference by
microscope spectrometer. The peak position was found to be 450 and 550 nm, which was agreement
with a gap length of 1050 nm. The suspended graphene was found above the nano cavity with
diameter of 10 g m. In addition, this transfer technique offers to integrate graphene with CMOS
circuitry by post-CMOS processing because it has low temperature process. Therefore, we can

fabricate freestanding single layer graphene with edge-clamped structure by using dry technique
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and also open the possibility of mass production of CVD graphene transfer.

1. 13 oIS

757 2 id, BRI - BRI E O E S, BRI AAL v FRMEM L Y AL
DNEMS (Nano Electro Mechanical Systems : ff/NE X > 2 7 &) 7734 ZNDIGH A HIfF &
T3, BlAE, 777 2 v OBSkEE & IRE) T & 3 2 NEMSH ks &, /N C R 5z ad
WA BTN 2L LTBHTE 3(2], £72, IMEHICETh3 0507 VG LDk
S EPURPURRIIC & > TR A 5 TS I2E S RBE LA RN T 5 275 7 = v RS £
Y UHAREINTNWS[3], ZhoDy T 7 2 VRS T A 21F, v ) 3 vEfksy 7 ki
MEMSHffi & FHIWT 2 7 7 = v ORMEREE A BRI L. ZWEXES 2T 5Z & THEL S S
77 2 VORRBEREZRHAL T3, 2, BERE SN TS0 77 2 VORBHEIZIE. 75
7 x Y EBEOWRETHEE L2 7Y v DREEA5R T v VERTHALZMEO F 7 4 /8E[2]6)% &
bbb, F7ARETT Y v VREICHAR IREKEIRED T 3L £ —ZiashE A2 R$ o4 ) 7 4
TR =PI EEL TELZLEARE TN TS, BIFEETIZ, FIaEDTrI 72V
HIRER A B ET 2 FEE LT 972V & EEP LT ARF U RV I Z M THA, ZOHRT 77 =
YO IR ERERE Ty F Y IO BRET 3 FESM R SN TE 226 L2 L, HiER
FUYAICKDEYEL 257 2 VIR TR, Ty F Y THRICANTZBRIZ S T 7 = v NERICHRIA D
AL, T34 ZAREEDSIIES 57280, WHPEIETREZL N A 2 v ORBUINEETH 5, F7=[H

2, BYET O X ZOBMLEINTWS, 2 ZTAIE TR, 7/ F v BT 4 & ORI L
12277 2 VG RITH) 2T, BtET y F v S EHOWTIZHEO F 7 AME2FEBTE 55
) 25 B EFEOME. 2 HiEL T 5,

757 2 v OBRIEFEICE, FEWRIEEE 8] = v 7 LRI LA DI ELMR R Z (CVDE) 9]
[10]. SiICADTE 4 F ¥ v LEERE1 G ERRE SN TS0, 734 ZInHICZENE» Dk
HAEER THHENEOWE WS 26, CVDIEICLE 77 7 2 VA EhTnb, =v7r
LRHSH FICCVDIRE L7227 T 7 « v & kT34 2 L llAGDLETHHT 2 2010k, [F&
FRANGEE S 2 0 D %, BUE, S EAKE L7225 7 = ¥ B LR OIRAERE - 5 Hiffi & L
TiE, KPFTEEET5> Y 29 VEEHRBEFRTH 5(12]13], LA L, ZOXI5Y 2y Mg
HEHATE, 7/ F v 7 4 &2 & D8R EAEE T 2B+ v €7 1 WICHRIKD b 7 v 7 S i
DET 5720, HNET2F v €7 4 FIEEORIZTE 2V, 2 2 TRFE TR 22500 TR
BE4T5 F 34 EHMPIRE N T 72[14][15], F 5 4 B2, BRI — 7%
poly(methyl methacrylate) (PMMA)% H\ 2% & OAWE X T 55, I TEPMMAZL W% Tk
BRMEDDENEWELE Y 5 7 2 v EHohB Z e ot dh T b, Aif%ETid, PMMA%
AW X 0SNG F I AEGEEAWSZET, V972 VI2&bF v U7 4 BB F T 2858
DEUEIZRII L 720 $2ET 2855, KR TS ) a VB EICiE - S TR W hE % 72
B, CMOSHEMMIEK ISR Z T uv 212k ->Tr T 7 = v iR ABUETTRE TS 5, ARITIE
N7 A G KOBYEL 2% v ©F 4 HIEAF I A& OFHlifERICOVWTE L ® 5,

— 142 —



2. BHEBIvF > JERAVWET T 7 1 o HIESR

HLZpERDY = v VB RO T ot 2 70— %R d, FFHEICCVDRELEY 572V |
2. FX UV T7HELTPMMAZ ZY Y 2=+ §5%, ity F Uy 7IRICKDEFELZRELZDS,
PMMA/ 27 7 = 3 EMAK T TS 5, BERR & % 2RI Z Kb h» 5 PMMA/ 27 7 =
VERBHZT < W BT, KOWEDOBIZET 2 KR NEMHAL TiEEE2T5 28T, 972V
b3 I [k el [ B R

K212y =y MEGHRICZE 277 7 2 VIREHEOEET AR, vy PEFEHAICK
%257 V[ EEEOEEFRICIEEII2 OO FEMRE IR TS, 1D HIE, P E
1229 7 2 VIR AT, ZTOBRBHET 7V 2 EHWSZETY 57 x v FEORMRE % Kkt
TEFETHD, ZOTETEELAES 5 7 =« VIHESRABER S ZSBE SN T35, 20H
2. TOWREROEEILA R L 2R EIZY 5 7 « VEER 42175 TETh 5. ZOBK, /97«
VRIS ARSI FH AR A BlE C X A VWDHRETH S, e, MBI F itk Dl
EL722k2 7 7 x v IRGHHEOE FHIME G HE S KOV — ¥ — 1 v 777 —IREEH K % LRk
PERHIAS R AR T, 279 7 2 VAL A DACKHIARD THETCT o F v 7 a3 TE D, AuH#kD
HARIREN 2327 5 7 = VIRIIER L T B 2 e hba b, ZHIHREREIC, 279 7 = v Ok
DAOIIRE — 2 S IHBI$ 5 Z L ABRL CTE D, 7T 7 = VIEAOIRE 2RI U 72 E&EE BB
HHTS ZEBNWEETH 5, O XS ITAHHEP IR © o 7 212 K 0 p2ERE & BT 5
I, 797 2 VOEFEEOHXIZH S, 777 = V3O EFHINT 7 v FLT =L 2T
FHL TS0, HIEL Y 7V 7 OBCEINE 2R E T2 7200 EERATS L, FrET

Wet transfor

Ebectrode  Graphene

(a) Double-clamped structure by sacrificial release

{b) Edge-clamped structure by wet transfer

{€) Second PMMA coating E

5
{df} Sacrificial release process m

{ch Remove PMMA i remover PG {:J E’dgﬂ'cliﬁl]ﬂ.'d Smuciure b}rdr_l,r ll.‘irISIET
X1 RO =y MRk M2 ooy MEGEBLONT ARG L BIEL
757 xR

0.9 11
LB AL

EREQ DTN

M3 BTy F VN EBEL 7B NS 57 x v Mk i L A WE R
2B 3V —Y =Ry 77— R HC &2 e PRl

— 143 —



V74— 22K DD TRERVHETT v 4 — 7y bd, ZOHR. 77 2V PiEEIIET
Iy FvrEh, XFREROBEHENPEREI NS, ZOBRIE., FtET y F 2K EYET S
FEEAEDY T T 2 VIHREFTAHE LTS [5][16][17). LT, ZTD XS X Fkh2fhEo
DRI KD 5N T B,

3. FIMHBEEERAVWEI I 71 HIABEOERITOEX

AR TIE, 757 2V OLRESAFHBEICERUCEE SN T EEEBT 22 HI
2 WSy v SR HWTIZ S T 7 o REREDOTE A T 2 B i % F 7 4 iGE &
BET 5, X412, KR TIT>72CVDHEZ 5 7 2 VO F 54 5T av 243§, £, 75
7 = V/HEICPMMA % 3.5 pumfEEDE X TRy a— b L, &R EO~9I2180C D+ v b
7L — bt TH#EY %, Polydimethylsiloxane(PDMS) %A PMMA® L2 6 HAEEHE T I & T
PMMA/2' 7 7 = v /8iliE% L. FeCLRICK D#id v F v 745, BRIHETZyF oL
72#%. PDMS#% fl\\TFeCL i 5PDMS/PMMA/ %> 5 7 = v &0 H LA T 4320 ¥ 2§
%, PDMS/PMMA/2' 5 7 x vV %725 ClelE &8, 57 = VR ZIPAIZ K D AT 5,
Z0H%., TORIBHEA LT vy F 7 RIE)ICKDEK LT 7 F v BT 1 &2 DESiI02/Si kI
WM X ¥ 72PDMS/PMMA/ 25 7 = v % &, KA PMMADEEEL ETH 5180CD & v b
7L — b T2 EINECS 5. 2 OFEMUEIZ X D PMMAG A A H§ 5720, 57 = v /%
W OBEEW I ET 5, ERP T I 7 2 VBN S FEEL 20K HDPMMAZ2E®RD L /-
. 5rM180°C TMIEAA 4T 5. mHZIZ60C DY & —/"PGTPMMAZBRZE L, BUITE T & &

PMMA
=
Cu

(a) PMMA coating

Graphene

(b) PDMS adhesion (c) Cu etching (d) DIW rinse & Dry

pressure
d PMMA coati heat
(h) Removing PMMA (h) Pressurlzatlon (g) Secon COTNE  (f) Heating process

X4 REFSABEHRICEIRGEY S 72y DOEETaXx A

%,

X512 F I ABEHBRICKDEWEL 225 7 2 VIZk B F v U T 4 HHEM R 5 2855 0OE 7 FEMeE
HHERY, 797 2 VIROHVEENERTE, F v U7 1 HIEMEORIEIZRIIL Tnws Z &
AWRE Tz, SHIOFEEBETIEF v €T 1 4 D3 KEIE8.S5 umZ3EK L7z, 72, HEROPMMA
AW F I 4853k, 350C L ETARE/ T ILT Y H A EHOWERT = —)LiZ k5 TPMMA
ERELCozh, A TR, AREANC K APMMARE #4772, ZOME, 257 2 Vi

— 144 —



X5 KA ERGRCEING ST T 2V DERGE

X5F v T 4 BIEMES R TE, fiZ2» MR T F 7 4 5K L7, SRIOKRED, &
7 7 F R A KRR RIS L CRERME AR T 2 e 5. IR TOPMMAKRZEIZF v &
T A HIEMEOERIC BV TCEENTH DI ENIGETE L VA S, 2 KETY Y 3 Vgl
i FC R AR A SRR TR AR LIS TR T 5 7 » VOREHELNEIR TE 5 T uk 2T
b5, K62, FIAEMBEHRIZEBEEGr 772V EDT~ v 2o PLHBERREERT. 2D/G
Hi31.88% /"L, DE—ZIRFEALALNTOWANWI ENS, BWMBELEYHES 57 =V DE M

ol 2[) . SU T T T 5‘0
- " - 45
f - 10N _ 40 Fitting curve .
£ S £ 3} "4 9
= 2 35 &
2. Z 20 5
g = ¢ B g 30 2
E 2D/GH: 1.88 : Z 1 3
. 1 . L
St ' Experiment 25
3000 2500 2000 1500 J00 500 600 00
Raman Shift [cm'] Wavelength (nm)
M6 WRG%YTTy DIV AT IVIERER K7 RUEZ 5TV DI ART I

WEWEICRIIL 22 WZ 5,

777 2 vOAMNBIZEDHEHIEEh v T 1 OFSEZWETSI2HNT, Fv 7 4 NTHE
T2 N URFIE & BEIR O EMITE 12 & 0 Gl 2 47 - 72 MPEICIZ 10065 DL v X AR L Ca 7
%200 pmDKT7 7 4 N &K T U CHEZ 1T > 72720, BT ) 7I3EE2 pm& 55> T
%, K725 7 = VAMERRD S ORG A7 PV ERT, AIAIRIZ #51T450, 550 nmi
THE -2 DBIRINTHED, ZOTHIEBE I 72 v ) aVEREDBODF v EF 112
XoThED, FYETURET 4 9T 4V IINTA=RELT, X THWENET 7282 5,
Fyr 7 4 £1050 nmTEW—FDBRoN7z, LA-T, V) 2V BLIEORE L IFIEFR U F v
vF 4 DR EN TS EERME SN,

777 2V FIZnT&BHiT25FiEE LT, o fiBickD s T 7 o VR~ vl HE 26 446 4 &
LT, 2 VS0 BHROBHIFEER 1T 572 7T 7 =V EANOWE MRS 57280, 4R

— 145 —



(FITC) % fa%k L 7= 11 7 v 7 3 v (BSA)ilk & A6 Al & BB % 47 > 72, XISICBSAUA %
777 x v FIZEHI L 7= % OHOCSIMEIIIE 2R3, 77 7 « v RE ST 28T E0ES
BRI hTH D, KRMGREATCIREENER S WA 5722 eh 6. 7T T 2V EADOG OB
BIILTWbeEZ6N5, ZOBHITEEHOCCAVEEZAT 2 T 7 x VIEEABSAYiA
DBHIE T, BEOTEIRZA A THllE I & 0 EHEi L 7z, PUABHIRTZORKS A <2 br XD, i
RIEHITRIEF v ©F 4 £23200 nmFEERAIL T3 Z EAVRE Nz, Thid. BE EIZS 74
WET 5 &, BT EEAFFEMICKEL, BIZZA ML ZE L TUEDLBZ EICEDZ L 7-EFLE
DOKMRTHS, UEXD, 757 2 v OANEEANRE L7250 FOREEL TG T 5 Z L I0K

F5ITLOET ET LN OERCEALEE = "
2 Anti-B:
E£n
0 =
§ 25 1
3
E 15
m
L '
o ] =
A0 S0 O T00
Wavelength (nm)
X8 BGAIERTL757 2V EAD 2 X7 Bk X9 ES5 7y LD FERICK
BANRTINYTH

L7,
4. ¥&8

AWf72CiZ, CVDHEZ 5 7 = ¥ ONEMSF /34 Z S IC i 728 O RE % 170,
CMOSH#MINE I T 7 x v ORKEHHE 2 WROTRE A Tk LT, 1R K DS » DI TO F
T A EIZKII L 72zo PMMAZ H W2 F 7 A BEIZE VT, WK TOPMMAREIIAETH S Z
EMIGEI Nz, £25MOFIAEEIZLD, BTy F U 7 EHOTIZS T 7 2 v OZFHA
BN IS EE XN T B EEFEBITE 2, ZOME, Fv T 4 ¥4 2T KIEES.5
pmDF v 7 4 FHIERF T AMEEER L7, £2, TV AN PLIERBRE 25, 2D/G
Hi31.88%/RL, DE—23FL AL R WD, BRBELRHEES T 7 2 v FJ LREEOEAE IR
Lzl nWid, 510, BEAIEHRALTY 77« v AV FICHiRS 7 2B L. 5 FIEEIc &
%257 > VIEOREZELABII X W2, ZhiEy 5 7 x v OBASRRE T O & Bt ol gg
THDEILERETIMBETH D,

SE X
[1] Andre C. Ferrari, et al., Science and technology roadmap for graphene related two-
dimensional crystals, and hybrid systems, Nanoscale, 7, 4598 (2015)
[2] C.Chen, et al., Graphene mechanical oscillators with tunable frequency, Nature Nanotech 8,
pp.923-927 (2013)
[3] Alexander, et al., Optoelectromechanical Multimodal Biosensor with Graphene Active

Region, Nano Lett, 14, pp.5641-5649 (2014)

— 146 —



[4] Arend M. van der Zande, et al., Large-Scale Arrays of Single-Layer Graphene Resonators,
Nano Lett., 10, pp4869-4873 (2010)

[5] A. Eichler, et al., Nonlinear damping in mechanical resonators made from carbon nanotubes
and graphene, Nature Nanotech 6, 339-342(2011)

[6] L.Sunwoo, et al., Electrically integrated SU-8 clamped graphene drum resonators for strain
engineering, Appl. Phys. Lett.102, 153101 (2013)

[7] Robert A. Barton, et al., High, Size-Dependent Quality Factor in an Array of Graphene
Mechanical Resonators, Nano let, 11, pp. 1232-1236 (2011)

[8] P. Blake and E. W. Hill, et al., Making graphene visible, Appl. Phys. Lett., 91, 063124 (2007)

[9] Keun Soo Kim, et al., Large-scale pattern growth of graphene films for stretchable
transparent electrodes, Nature 457, pp. 706-710 (2009)

[10] Xuesong Li, et al., Large-Area Synthesis of High-Quality and Uniform Graphene Films on
Copper Foils, Science, 324, 1312 (2009)

[11] Peter Sutter, Epitaxial graphene: How silicon leaves the scene, Nature Materials, 8, pp.
171-172 (2009)

[12] A. Pirkle, et al., The effect of chemical residues on the physical and electrical properties of
chemical vapor deposited graphene transferred to SiO2, Appl. Phys. Lett., 99, 122108
(2011)

[13] Xuesong Li, et al., Transfer of L.arge-Area Graphene Films for High-Performance
Transparent Conductive Electrodes, Nano Lett., 9, pp. 4359-4363 (2009)

[14] Joshua D. Caldwell, et al., Technique for the Dry Transfer of Epitaxial Graphene onto
Arbitrary Substrates, ACS Nano, 4, pp. 1108-1114 (2010)

[15] J. W. Suk, et al., Transfer of CVD-Grown Monolayer Graphene onto Arbitrary Substrates,
ACS Nano, 5, pp. 6916 —6924 (2011)

[16] Singh, V. et al., Probing thermal expansion of graphene and modal dispersion at low-
temperature using graphene NEMS resonators, Nanotech 21, 165204(2010)

[17] C. Chen, et al., Performance of monolayer graphene nanomechanical resonators with

electrical readout, Nature nanotech, 4, pp. 861-867 (2009)

— 147 —





