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ABSTRACT

I . TITLE
A Research on New-Concept Graphene Devices with Atom-Level
Property Controls

II. THE OBJECTIVES

We have grown large—area single crystal graphene with high
quality using chemical vapor deposition and investigated the
original technology for the analysis and control of the
microstructure of graphene. Based on this technique, we develop
the 2D material-based heterojunctions. In addition, we develop
the multifunctional and new—concept devices such as flexible
pressure/strain sensors, EMI shield films and memory devices
using various low dimensional materials as well as CVD-grown
graphene.

III. THE CONTENTS AND SCOPE OF THE STUDY

We synthesize the large—area single crystal graphene using
chemical vapor deposition process and develop the graphene/2D
semiconductor heterojunction devices using single crystal
graphene. For the advanced applications, we develop the flexible
pressure/strain sensors using graphene-based nano—composites and
EMI shield films based on graphene-meta architecture. In addition,
we investigate the technology to control the microstructure which
can affect the electrical property of graphene. Based on this
investigation, we develop non-volatile memory and flexible memory
array based on 2D materials and polymer thin film, respectively.
Finally, we develop the nanosieve based on graphene oxide which
can be adopted to bio—medical field.



IV.. RESULTS

We have studied the growth of single crystal graphene on
commercial Cu foil using chemical vapor deposition method. Based
on this, the original technology for the synthesis of large-area
single crystal graphene with extremely low structural defects was
developed(<2%). Also, we developed the laterally stitched
graphene/MoS: heterojunctions using the edge sites of the single
crystal graphene as seed layer of the MoS: growth.

We have developed a flexible pressure and strain sensor that
can be easily applied to general clothing or attached to human
body by using two—-dimensional materials—based nanocomposite
structure for healthcare and motion detection sensor. First, a
flexible pressure and strain sensor made by combining fabric with
reduced graphene oxide/single-wall carbon nanotubes (rGO / SWCNTs)
exhibited high durability and waterproof properties, in addition
the sensor made from 3D structure based on Ecoflex/MoSz/porous
graphene network (GPN), showed high sensitivity value of 6.06
kPa™! under applied pressures ranging from 7.6 kPa to 15.2 kPa.

We have developed a flexible electromagnetic interference
shielding film with a graphene — based 3D metastructure. Broadband
shielding property was obtained by electromagnetic wave
multiscattering effect through the complex random metastructure,
and the shielding property was improved by the composite structure.
Fabricated graphene based meta film showed 40dB and 30dB of
electromagnetic shielding characteristics in X-band and K-band,
respectively.

We implemented low—power nonvolatile charge storage memory
based on 2D materials and polymer dielectric and zero-static-—
power nonvolatile logic—in—memory circuits on flexible substrate.
Finally, we fabricated graphene oxide based nanosieve using
block-copolymer lithography, which has advantages in terms of a
reliable, cost-effective, and facile method for the fabrication.



V . EXPECTED RESULT & PROPOSITION

It 1s expected that various advanced applications will be
developed by manufacturing high quality large—area single crystal
graphene by chemical vapor deposition due to 1ts excellent
intrinsic properties. The development of flexible and human-
friendly pressure/strain sensors fabricated by graphene-based
nano-composites 1s expected to apply to multifunctional next-
generation wearable sensor devices. The fabrication technique of
the graphene-based 3D metastructure facilitates to develop the
high performance and broadband EMI shielding films with high
electromagnetic absorption density and multi-scattering effect.
2D matierials based memory device, when it will be fabricated on
soft platform, and polymer memristor based logic—-in-memory
circuits which implemented on soft platform can be used in field
of wearable electronics and IoT. Finally, 1t 1s possible for
graphene oxided based nanosieve to be used in field of bio—medical,
especially selective protein transport, due to its cost effective
and facile mthod for fabrication.
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<Figure

<Figure
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<Figure

<Figure

<Figure

<Figure

<Figure
<Figure

<Figure

Figures

2-1> Schematic diagrams of fabrication process of single crystal
graphene using CVD

2-2> Schematic of CVD process for laterally stitched single crystal
graphene/MoS: heterojunctions

2-3> Schematic illustration of the rGO/SWCNTs fabric fabrication
process for preparing strain-pressure Sensors

2-4> Schematic illustration of the Ecoflex/MoSz/GPN fabrication
process for preparing strain-pressure sensors

2-5> Fabrication process flow of Graphene-meta-foam structure using
Ni-meta-foam structure

2-6> Optical image of fabricated samples (a)Ni-meta-foam structure,
(b) Graphene / Ni-meta-foam structure, (c)Fes04/Graphene/PDMS-meta-
foam structure, (d)magnified cross—section view

2-7> SEM image of fabricated samples, (a)Ni-meta—foam (b)Graphene/Ni-
meta-foam structure (c)Fes0s/Graphene/Ni-meta—foam structure

2-8> Schematic of charge storage memory based MoS2

2-9> Fabrication flows of nanosieve with nanopore (up) and schematic
of nanosieve (down)

2-10> Schematic of polymer based memristor array on soft platform

2-11> Schematic of logic—in memory circuits using MAGIC method

2-12> Otical images of single crystal graphene domain on Cu foil at

different growth time and Raman spectra

<Figure 2-13> Optical images and spectroscopic Raman mapping of merged graphene

domains

<Figure 2-14> SEM image and raman spectrum of laterally stitched single crystal

<Figure

graphene/MoS; heterojunction
2-15> Spectroscopic photoluminescence mapping of laterally stitched

single crystal graphene/MoS: heterojunction

<Figure 2-16> SEM, XPS, Raman analysis of reduced oxide graphene (rGO)/single-

wall carbon nanotubes (SWCNTs) fabric
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<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

<Figure

2-17> Bending strain and durability test for reduced oxide graphene
(rGO)/single-wall carbon nanotubes (SWCNTs) fabric-based strain—
pressure sensor

2-18> Relative variation in Resistance with applied pressure and
durability test for reduced oxide graphene (rGO)/single-wall
carbon nanotubes (SWCNTs) fabric-based strain-pressure sensor

2-19> Performance evaluation of the rGO/SWCNTs fabric-based strain-
pressure sensors as a function of the number of washing cycles

2-20> SEM analysis of Ni foam-, Graphene/Ni foam- and Ecof lex/MoS2/GPN
(Graphene porous network)-based 3d structure

2-21> Raman analysis of Graphene/Ni foam, MoS:/Graphene/Ni foam before
etching Ni and Ecoflex/GPN, Ecoflex/MoS:/GPN after etching Ni

2-22> Performance evaluation of Ecoflex/MoS2/GPN(Graphene porous
network)-based flexible strain-pressure sensor according to
applied pressure change

2-23> Raman spectrum of fabricated samples, (a)Graphene/Ni-meta—foam
structure, (b)Fes0./Graphene/Ni-meta—foam structure

2-24> Measured X-band Shielding Effect, (a) Graphene/PDMS meta foam
structure, (b)Fe304/Graphene/PDMS-meta-foam structure

2-25> Measured K-band Shielding Effect, (a)Graphene/PDMS—meta—foam
structure, (b)Fe304/Graphene/PDMS-meta-foam structure

2-26> Electromagnetic absorption cable cloth using flexible EMI
Graphene-meta—foam film

2-27> (a) Transfer characteristics with gate voltage sweep (b) Memory
window extracted from (a) (c) Retention times and (d) cycling
endurance test of the memory device

2-28> Cross sectional TEM image of graphene oxide based nanosieve
(left) and SEM image of graphene oxide with nanopore (right)

2-29> Comparison between graphene oxide based nanosieve and
commercialized nanosieve

2-30> (a) Operation of MAGIC-NOT gate (b) Operation of MAGIC-NOR gate
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<Figure 2-31> (a) Schematic for realization of a half adder within pV3D3
memristor array (b) Circuit schematic of the half adder using a
combination of NOT and NOR gates and its truth table (c)
Experimental results of the half adder using five memristors within
a crossbar array (d) Comparison table for a MOSFET and the

memristor device count required for the logic gates and half adder
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RGO/SWCNTs-CF JO/SWCNTs-CF ERCO/SWONTS-CF

(0-01 wi%) 745 M i i, o4 wik) - fRe
j Cis m Cotton Fabric (CF)| [ p rGO/SWCNTSs-CF
rGOISWCNTs-CF G (0.01 wt%)

(0.02 wt%)
&
D 0
Sh S [n e Go-cF|[q rGO/SWCNTs-CF
A . {0.02 wi%)
£ rGO-CF g @
2 oM & G w|
;0? o-c=05% 32' I? ‘"\ 35
el i
£ 385 291 268 285 282 £
E A = ¥
E i c1s| " Binding energy (eV) = |0 1GO-CF|| r rGO/SWCNTSs-CF
rGO/SWCNTSs-CF & S emeegy (s¥) bie _ (0.04 wi%)
(0.01 wi%) CC | | e G
C-0H % 4 » G
0-c=0C=0C2 = / (GOISWCNT D 55
pp o, (FGNT) 2
T S S GO GO rGNT rGNT rGNT i " i
264 25T 288 285 282 {001 (002 (6.04 1000 7500 2000 2500 3000 1000 1500 2000 2500 3000
Binding energy (eV) with) wi%) wi%) Raman shift (cm™)

<Oy 2-16> AZE S99 A (r60)/dLd gryeR
(SWCNTs) E-st2=] 71uF -2 SEM, XPS, Raman 4]

<ad 2-16> o (a)-(H)= e 43t 2#iaA (rG0) R S Abs)

IJHPA(rGo)/FYE BHAYL=FE (SWONTs) HEF2A 7IRke] Af xS

Scanning electron microscopy (SEM)& o]&3sle] =A3 o]u|x|o|t},

54" omAE FA Aol FdE Akst 2 (eG0)o] wiEstar

TdatA Z® HASS ST Adar, sd® Abst 2898(e60)el

P8 Aok 2dsta e @dH "daveiHE (SWNTs)= <29 2-
2

16> (d)-(H)olAd veEd AAY 7p= aAncke] eayn-Ev7l w7}



Bgad Jlwel dge #ed TS SAs7] A8 Xray

photoelectron spectroscopy (XPS)E o]83lo] &4 (C) 1s9] o] i

=% dolgolty. <a¥ 2-16> 9 43} zd (G0)o] mEHE WA
749-, A3 oA (Binding energy) 284.6 eVe} 286.7 eVolA

Hek gA (peak)o] YERHITE. o]Re 77t wA-wA (C-0) A
A=A (C-0)9] @Y AdS yeEhdn. F7rd o s Ay A] 285.
7.5 eV, 288.7 eV dAE A2 FIAHE

Ma-wasita (00002 JERPAT. theew <ad 216> (

KeN
=

5
xEE 7s7EA 42 g a-Ask] (C-0H), ©A=4ita o523 (C=0),

h) el

[e]

Uebd stebAQl S-S A3 gkdE s (1G0) 7IRE A e

A% (C-0)9 3=

45, @9 @dd As o Ruds o, ga-ga (-

3 Ke) /]

0]

Gd A%ty #dE e v39 wkxE (Full-width at half maximum)3} 2FA7}

3t¥l 7]%5 7|5 (oxygen—containing functional  groups)©]

(o,

o oy
°
it
32
o

WA (Cotton fabric), FHYH Akst Tdo] ZEE AR

coated cotton fabric), I/ Gd ¥ EAUS-FH(SWCNTs&

n
0.01, 0.02, 0.04 wt%) E3AA 718 WAFo 3l zpyk 24 go]g o|t}.

WA Edel Abst g (G0)ol :¥ HW < 2-16> (n)ollA

[}

7

1

.ol <™ 2-16> (Dol yehd &2 (C 1s) / A4 (0 1s)

A BlE WskE SEiA g 5 duk. <ad 2-160 (m)-(n)2

(rGO

B

A3} 7ko] 1347 cm ¢} 1598 cm el A Abst e (GO)oll A YERYE D-
Meet  G-ME7E ZH7E vEbdeh. shebARl kel oJafA] kst e
(Go)ol 3w A3 zelw (rGO)o2 WleA HW, <a¥y 2-16>9
(o)l A et A @ Akst 23a (G0)o] Z™H Afreh HlaLste]
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D/Ge] kel F7teke Wk D-wl=¢} G-ul=eo] wExEo]  7FAFht),
npx|eto 2 Tyl AW od Iy

kst e (rGO)7IEE Al Ae A9, <a2d 2-16> 9 (p)-(r)
HE A Zo] D-W=el A7I7E el HA FAsla, @Y g
SAUEFHE (SWNTs)Ol A 242t FHe] H3b 59 waks deves ¢
oF G-M=7b AlEA dERdTE. olzfe Ate dd 4kst 2 (160)
Aol &9 A gaveFEzE AF(SIONTs)E Tl % oju gk F-32%Q)
1y glol & FAH e AS UEY,

o

1.6+ - 0,
e {GO-CF 1.5k f € =28%
1.2f rGO/SWCNTSs-CF rGO-CF OQ‘I
o GF=9.75
g:: GF=6 (0.01Wt%) £1.2_
nl:"o.s- - 5 (002wt%) o rGO/SWCNTs (0.01 wt%)-CF
o o 0—0—0—0—0—00%
~ (0.04wt%) ~ 0.9
0.4+ GF= 3.25 rGO/SWCNTSs (0.02 wt%)-CF
0.0 . g 0.6} , rGO/SWCNTs (0.04 wt%)-CF )
10 15 20 > 30 0 10° 10" 102 10° 10 10°
Compressive strain (A) Bending cycles

<O 2-17> AlFtE ddd Abstada (r60)/ Y gy RFE

(SWCNTs) =gk 7]nke] 74 2B d-hd Ao g

<Oy 2-17>= 9 SdE Abstadd (16G0) Hosdd Abstowa
(rGO) /LY eAy=FH (SWONTs) HF4a4 718k AF3d ~Ed-
gl AlAde] gk Wy ~EYQ Wt i FAHAAINE Yebd. <Oy
2-17>9] (a)-(dD)ollA Hi= A} o] Wiy &
iy AEHde ek Zzke] Aol gk Ad WIE F3 Al

=
it
o
ofo
ol
2
—
—
l
[\]
[0¢]
=N
o
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15~21%2] WY ZEddoA wd Fdd Asadd (r60) AdH
2EYel-d#H A AolX & (Gauge factor: GF)o] 9.752 7F& =4
et Wil ghldE A4S e (rG0)ol TGEd wAveRHE
(SWCNTs) 9] == 0.01°014 0.04 wt%® Hza F71s= Sdd Aks)
agE (kG0 ARE zEA-SHAAC vE] w=S A¥A
(linearity)S YWedT. (<a2¥ 2-17> (e)#%x) <28 2-17>9] ()=
A Ebo 2 28%] WY ~Ed Rl stel A @ e AFsaE¥ (rG0) %
e Absiag® (r60)/GE A BAUR=FE (SWONTs) (%@ 0.01,
0.02, 0.04 wt%) EHFAA 7N AFY Z2EGA-S4HAAl g
WAdE 8elslzl 918 1Al 100,000 WHE S Wk S=dste] A
A8, 1 Ay, 9" Asaga (r60)/ e

=

Y=FH (SWONTs)  (F%: 0.04 wt%) A7}

c P =254 kPa
0.5 GO-CF

0.4 :
rGOISWCNTs(0.01wt%)

$=0.656 MPa'

rGO/SWCNTs(0.01wtY

rGO/SWCNTs(0.02wt%)

rGO/SWCNTs(0.02wt%) 0.2t

—0o—0 @—
rGO/SWCNTs(0.04wt%)

rGO/SWCNTs{0.04wt%)

L L s L L 0.1 L il il i s s
50 100 150 200 250 o 100 100 100 10* 10°
Pressure (kPa) Pressure cycles

<13 2-18> A FE 3P AstaddE (160)/dEFY SAYULRFHE
(SWCNTs) H&FaA] 7]Hke] A-F8 2E Q- A e ot
_]

go| mE Ast 2 WA 54

o
5
ofl

S~

17}

2

=

_46_



<a¥ 2-18> & FYE Agadd (160)/9d s wEAunRH
(SWCNTs)  &H32A4  7Ivke] ARd  Z2E#Q-dgAAed gz o
~EdQl Wsltd digt A ws SHAnRE vepdo. <y

(a)o] et ¢+==478] (Tapping machine)E ©]&3to] 1.270|A] 254
kPaZ7hA]  Q17hebel wistel] web Zzbo] Aol gk AWzt SA4E
a3t Ay, 1.27 ~ 12.7 kPa9l ¥ iA@Y FdE 4k
aHPA(rG0) AFE 2EHQ-EAAY WfE (Sensitivity)7F 0.012
kPa"'2 7} = dEhd ksl gl (rGO)Ol TG
gy FE (SWNTs) 9] 528 S7185%

%

Al
=
FIE e AS gelEsi.

o
F-|~ l-a
-

rlel

o

e

A&A (linearity)o]
<19 2-18> 9] (¢) 254 kPa® H2 49 StellAd @l s Ars
aHA(rG0), FPE st (rG0)/9E W wAhv=FH (SWCNTs)
(&% 1 0.01, 0.02, 0.04 wt%) A 7|9 A8 ~EQ-d=H A

st WdS &R1str] 98l 0ol A 254 kPa

Tx7F WY 2EYQD vk Al ghdd AbsadgE (r60) Aol A

0.24r =
e co.ck  P=381kPa
n? T rGO/SWCNT(0.01wt%)-CF T
=0.12r
°
z rGO/SWCNT(0.02wt%)-CF
— 00000000909
- =o.08f
rGO/SWCNT(0.04wt%)-CF
*—0—0—0—0—0—0—090—09
0.04+

0 2 4 6 _ 8 10
The number of washing cycles
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<Od 2-19>= Fdd AstadE (r60)/HL Y ST H (SWONTs)
EfRI-t=EAAE mlavERtE ARE-SE

gldstar = AAE E (Deionized (DI) Water)oll 10+ &< HHA
S 3 Fol AlY Slgro] wet Al AHstE 543 A3E
UebAt. <29 2-19>9] (e)ollAd Hie A3 o] 47ie] AlM E5F A7
Wskgo] dAG g g A 7S HoFola 53] fdd

AbstaeEfsd (rGO)/ G BAUYR:=FHE (SWONTs) (F%: 0.04 wt%)

- Ecoflex(Z2™)/22k 22741 ¢] 3D Foam &1 A~EURI-9H 544 A2
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Ni foam G on'Ni foam

MoS, (0.5 wit%) il “Mos, (T.25 wt%)
IG on Ni foam . ,»1G on Nifeam

<713 2-20> Ni foam, Graphene/Ni foam, Ecoflex/MoSs/GPN (Graphene
porous network)®] 3D F-Z Ao 3+ SEM A

<18 2-20> & YAZ (Ni foam), 23 /JAZE (Graphene/Ni foam),
MoSs (5%: 0.2, 0.5, 1.25 wt%)/123|38 /Y E (MoSz/Graphene/Ni foam) 2]
Zrzyo]l 3D FZA| o] thdr FW-S Scanning electron microscopy (SEM)S
ol g3ty FAT olnAE Yepdk. <y 2-20>9] (b)E 2W YAF
Aol o]l AWAe] TdsA ZPEol des A T F AT
thero® <ad 2-20>9] (c)-(e)= 2A/UAF fdl §=7F 0.2, 0.5,
1.25 wt%= Zt7] o MoS: 7F AAE MoS: ($%: 0.2, 0.5, 1.25
wt%) /2B /UAZ (MoSs/Graphene/Ni  foam)ol] THEF SEM o]w] X =
HoJFEoh, NoS; ol ke Al glel UZAE flol 448 z2Hd el
7Haoll =vte Z48ix= X3k |2 (Crack pattern) MoS: 7F &A1,
w7kl wE vl 2"EHA MoS: SEAEZE @A HE

SQlskith. ole @ MoS. o] =L Rl ofF F=o] A7F H3AS W MoS,

o

A
ZesEE Aole] Aug pox FdomA SHe wE APWsE
A AN MRS Folt Fad quL o TV Prd B
e J1Eel nuE UAF slwe sEdel 2 gGEANEtE A

;I_l
= @A olelgh MoS:/Graphene/Ni foam AAlE HA3F 3shr] g
Aol A% HAH AL et
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MoS; (0.5 wt%) d MoS; (1.25 wt%)

a G on Ni foam b MoS; (0.2 wi%)
G G G on Ni foam /G on Ni foam E'in IG on Ni foam
Ely
1 __j:/\_\ i A‘“
20 G 20
- -3 S o2 S
= LR n L e i L JL
EH. 1000 2000 3000 300 400 2000 3000 300 400 2000 3000300 400 2000 3001
g After etching Ni foam + Ecoflex
0
e
8 /
£ e Ecoflex/G foam f Ecoflex/MoS, (0.5 wi%) | [ p Ecoflex/MoS; (1.25 wi%)
/G foam E'y /G foam
G B
.
20 8
> - Y Y
. 5 i 4 ” : 3 ] , = ]
1000 2000 3000300 400 2000 3000300 400 2000 3000 300 400 2000 3000

Raman shift (cm™)

<1¥ 2-21> Graphene/Ni foam, MoS:/Graphene/Ni foam o] Ecoflex &

olg3tel Ni & AASY) 2tk Fol e gt 24

<a¥ 2-21>9] (a)-(d)= A /YAE (Graphene/Ni foam), MoS: (F%:
0.2, 0.5, 1.25 wt%)/228/JAZE (MoSz/Graphene/Ni foam)oll Ecoflex &
v AAAE A 5 NS AAsH] A3 $9 Z242be) 3D 2 A9
gk FxAA WstEs gelay] g8k B 2% 574 (Raman
HoleEn, WA YAES A7 s
Aol a2 /YUAE  (Graphene/Ni foam), MoS: (H%=: 0.2, 0.5, 1.25
wt%)/ 1B /YA Z (MoS:/Graphene/Ni foam) 25 1ol G-M=¢} 2D-
W=eo] I A 7] (Peak intensity)®] H|S(Ig/Ip)o] 20402 ol & =
(Multi-layer)®] Zzefdle] UZAFE 9o F4 HAok= 2 vepdn,
02 MoS 9 #AEE By 9F Ay o Zpol7b BE AIZoA] 25040 =
Ve, o] A o FAE MoS: 7F v (Multi-layer) %22
FAH AFS FIT 5 UY. HFo® Eeoflex 2 Z8™ AAAE
Abgate]l e /YA Z (Graphene/Ni foam), MoS: (F=: 0.2, 0.5, 1.25
wt%) /2B /YJAZ  (MoSo/Graphene/Ni foam)S Y1 UAL AAZ ZF,

&

gk 242 Fd UA AA A3 vlaste] meth T A, 2012, 2074

spectroscopy)< ©]-&3le] +4s A}

i
N
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em ol A EEwo] @ E= o] YEhga 1 9o rejw i} NoS; 9
I Wste A9 sdA dEwth. ol Ay UAS AAG Foll
A A Ecoflex/TH3A 12 WEYA(GPN)SF Ecoflex/MoS; (5% 0.2,
0.5, 1.25 wt®)/thsd 2 HEHAGPN)7F ojwg Fx420 ¥dg
glo] & Az =] dvh= A vERdT

| Il Econex/GPN

“~ [ Ecoflex/MoS,(0.2 wi%)/GPN
I Ecoflex/MoS (0.5 wi%)IGPN
] Ecoflex/MoS,(1.25 wi%)IGPN

(a) . (b) 120+ Ecoflex/MoS;

(1.25 wi%)/GPN

—_
(2}

S
©
=)

3.47 kPa
90

b
o

EcoflexiMoS;

=
o
o e (0.5 Wi%)/GPN i
= gt 1 - Z
g =1 ol n
5
T a £ s
30r EcoflexiMoS; | £ 0.6}
©2wwyGPN | 3
0.3
or = 0.0
, ; ‘ \ oG 06~ 76~ 15.2 ~
0 5 10 15 20 25 7.6 kPa 15.2 kPa 254 kPa
Pressure (kPa) Pressure region (kPa)

<19 2-22> A2 Ecof lex/MoS2/GPN(Graphene porous network)
a7k Fo ~EgCl-aH A 7Fete Wt wE Az}

54 %7}

d

<1¥ 2-22>% EBcoflex/thaAd Leld UIEYA(GPN)S Ecoflex/MoSs
(F5x: 0.2, 0.5, 1.25 wt%)/vh&d e WEJ=LGPN) 7]Rke] 3D
T2 i 2EHA-GHAA gk o5 Qi W] gk A&
W3 SAANE Yepdch, <a¥ 2-22>9 (a)o] dEld o SA )

(Tapping machine)E& ©]&3}lo] 0.6914 25.4 kPa7bAle] Q171ke W3l
mel Zhzke]l  AlAe digk Agst 5EAdS #R1d Ay, o
Ecoflex/tF&A4 1di® W EL A (GPN) Xt} Ecoflex/MoS: (F%=: 0.2, 0.5,

1.25 wt%)/taA 288 YEYA(GPN) T+27F & UHEE VA=

AES HAFHT. o= A <oy 2-200°|4 AFE A o] Piezo

resistive E40] 43 MoS:9 Crack patternS =3+ %7 W3 Eo]
g a2HE YMEYZ (PN HEste] Ay wHstE o3t Al7|=
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dgs oA Bwu. = FEVF Rl mEk MoS: FA H
Dx(density) & 9 F224 Ass FIANZL F Advk. Bk opye}
Ecoflex/MoS; (&%: 0.5 wt%)/th&A 2#8® UEY]ZA(GPN) A= H&
Wa=et 48 A4 (linearity)s YWERHSIAL, Ecoflex/MoS; (&%:
1.25 wt%)/chaAd 289 U ELYA(GPN) 22Fe] 79, Ecoflex/MoSy (5%
0.5 wt®)/ths4d 1A UEYZ(GPN) 2z vl AFZAHLS 2w
ol x| Ak 7.6014 15.2 kPa TZrolA 6.06 kPa'e] v
(Sensitivity)E YT, ol 7]Eo] Bad YZAF 7]vke] gheAlA

HleA -3 Aaetal & 5 .

o

3. 2 dekEd AAr]a 2o

- a#® welrze A u 2 7%

(a) (b)
1

1

2D

2D

Fe;0,

Normalized photon counts
Normalized photon counts

I i  m— 1 o n 1 i 0 1 1 1 1 1
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Raman shift( cm™) Raman shift( cm)

<8 2-23> A FE MZ o gyt AAEZH BA Az (3)Graphene/Ni-

meta—foam -2, (b) Fe304/Graphene/Ni-meta-foam T-%

H Ao M= Graphen/Ni, Fei04/Graphene/Ni T+FE o] &3t 3x¢

Ay T2E AAIAT. NiFe ETAAZ Sde 27 994



AAEReH PINSE Sdte] AAFTES FAgedvh. Ad 2w o
FHE Fes0y o 5A4S 438171 fste] PDMSE FA35H7] el 532mm
golx Fds o] &d vt ~AEY FAS HPSQlrt. <oy 2-23>2
g B AyES yeldth. G peak ¢ 2D peak A7) ME E3

——l =
HiZzo] g#wle] AAHE AL ol &8 4 Qi Fes0s/Graphene/Ni
T30

by
g
lm

(18~27GHz) HE2] AAr] AdH EAIS #4317 935}e] Network analyzer
¢} S-parameter =AE 3] band ¢ waveguide = ©o]&3}] 2¢kx} S-

parameter 7} =4 ¥},

(a) (b)
40 Lt ——SE(Total)
= —SE(A) z %
° —SE(R) °
> 30t w
] o 30Fr
j c
g g —SE(Total)
*g 20 ‘g 20 b =——SE(A)
= b= —SE(R)
() (]
& 10} & 10 |
J—_ —
0 1 1 1 1 0 1 1 1 {
9 10 11 12 9 10 11 12
Frequency( GHz) Frequency( GHz)

<% 2-24> A FE MZ9] X-band W] Shielding Effect &3 2 3},
(a) Graphene/PDMS—meta—foam 7+%, (b)Fe304/Graphene/PDMS—meta—foam

<1¥ 2-24>% S-Parameter =4S =3 AA7] 2H EA (Shielding
effectiveness; SE) A4 A3} o]t}. SE total = Absorption loss (A) +
Reflection loss (R) ¢ ¥#AIE 7kvt. 3xk 22 wWep %29 HA7]
A 542 <a® 2-24(a)>9M JERAIT. X-band HelA 3xH4
Graphene/PDMS 7-%+=  ~16 dBS] A A+ SA4& vty 7429
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& 9l
~AEY Hrr 12 Hn gyde 4
s 7z

X- band tollA 9] 535 71 2 540 ® vddt A AR
&0 7hedt FAlol Fx WUre] Fbe v R4 EQoF o
7t E 5 g AR vy
(a) (b)
—SE(Total)
S o =5 s ==
3 —SE(R) 3 —SE(R)
é 01 é % -/-\_d“/
g £ /\_,———/
£ 20} g 20t
5 S
& 10 S 10l
0 L L L 0 Il 1 T
18 20 22 24 18 20 22 24
Frequency( GHz) Frequency( GHz)

<y 2-25> A ZE MZ9] K-band W] Shielding Effect =4 A},
(a)Graphene/PDMS—meta-foam -3, (b)Fes0s/Graphene/PDMS-meta—foam -Z=

<19 2-25>F K-band 13 FEE oY oA 2] Graphene/PDMS-meta-
foam, Fes0,/Graphene/PDMS-meta-foam 7% Shield effect =34 A3} o]t}.
X-band ¢} #2 WHom =4 ¥How, X-band ¥rF ofyjelt K-band
o Mk ~ 30dBe] - HAY] AH EHAE SAH AFAE Sl I &

Ak, 3akd 9| o] WE AAHEE 2R g ada 719ke] neta-

BN

foam 7-x+ FdY FF+ 5A4ES 7Ho. &2 Graphene-foam®] WX,
AL FelOy BEE E3] Adow Ao & gJomw = ugu e

E -
A9 FE FAEL AAES /0T 5 A e FRAL B



<1¥ 2-26> -3 Graphene-meta-foam EMI sheet”} A-&% HAx}d &4

Aol 9% % Axsh F5 Aolg 9w 3

<1 2-26>°0| A Graphene-meta-foam T+%¢ XS Ho] &t} mEdl
olfgt FxE o]&3ste HLH AT FH AoE IEH S8 dAE

chebc,
BT A vgom Y Wy PRAS 2 adw slwe

AR A A AR 71&e] At AUk nFH de] o 54
Y

95 A7 A 542 B P2 B of

A
F%
2
5
L
fl
lo
)
o2
ot
olo
ofo
o

,5,3_
QO 2 Graphene-meta-foam 7|%¥Fe] =}
h=ibEn=g

4. 294 vAFzel wE Hd714 54 Ao
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@, . B s,
—_ 10_6 Positive sweep ;’ T ' T
< 107 a5
210y =z 4l
= 10° AVea(V) 3 4 .
8 10° —13V § 3 e
5 10" —1nv 2} -
3 10-11 . —9V F /
£ 10 Negative sweep v o1} /l
E 10-‘2 I 5Y E =
Q " AP g o}
12 9 6 -3 0 3 6 5 7 9 11 13
Control gate voltage, V., (V.
g 9 CG( ) IVCG,maxI (V)
(C); (d);
< P ed stat =
)'_2_ .., . . .Mramm state >'_1 ‘. "L . . - )
=1 =a m = - [ ]
Bof sk /) gafst [ [ '
% 1 E:M _aii g -t E'ra = Program state
s 800 Mi I g 2t ;.1-: | | | m Erase state
E -2 B R S - E -8, ] =
2.l V¥ w o -3f Time (s}
[7] " & mog - = [ ] ]
2_4_ Erased state g_“_r. " .o m ®E
£ - - - - ek ) " N N " L "
=100 10" 10° 10' 10° F 0 200 400 600 800 1000
Time (s) Number of cycles

<18 2-27> (a) ZAEE AolE A% wE MR LA EdAT EA
(b) (a)ZFEH F=23 vrg 959 (¢) W2 229 fuH gl

S47h () AFeIEA 54 [2-1]

e #HS idE i0DE olgsl SAE pvaD3 Ak whehs Bl
H AAAZ o] &stitt. pV3D3 T A w2 V)E Abshe dAdvhe] wA
& 35T ¢ den, e BEE VRS sAd 2akel A9 7

1

sHA & SAEE 540 vk, T @ fdE 5EHo=
go] ey AAAR o] &HAS o 7HeiAl= dAE F9 TS
=

<a® 2-27>ol M= B Z1Fo] A|eHsk= pVaD3/Au NPs/Al0s AlOlE X F
T2E 7HE AstA wEee] A7AQ EAS HoFEn. W2 f3&
< 7FA+= pV3D3 HE® dAAZE gk =2 Alo]E AZ" (Coiocking/ Chiocking
+ Coumeting) W1 G20l 2bstE AAA 7vke] AapA7 wWmelel vugds
o vk FaS Y. AEE A0 EY Avtete AYgE =AW,

S

xdld & EAste Aste] Fe & H-:==3d (Fowler-Nordheim)

L
O
o
2
o
=)

m
2 M
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Byugol] o Z2asl/olgeo]lz F2& Al 4 glt).
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Al:03 Aluminum oxide

AFM Atomic force microscopy

CF Cotton fabric

CMOS Complementary metal-oxide-semiconductor
CNT Carbon nanotube

Cu Copper

CVD Chemical vapor deposition

EMI Electromagnetic interference

Fes04 Iron(Il) oxide

FWHM Full-width at half maximum

GF Gauge factor

GO Graphene oxide

GPN porous graphene network

h-BN Hexagonal boron nitride

1CVD initiated chemical vapor deposition
MAGIC Memristor-Aided-Logic

MoOs Molybdenum trioxide

MoS2 Molybdenum disulfide

PDMS Polydimethylsiloxane

PES Polyethersul fone

pV3D3 Poly(1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane)
rGO reduced graphene oxide

SCG Single crystal graphene

SEM Scanning electron microscopy
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SWCNT
TCVD
TEM
TMDs
XPS

Single-wall carbon nanotube
Thermal chemical vapor deposition
Transmission electron microscopy
Transition metal dichalcogenides

X-ray photoelectron spectroscopy
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