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ATk, = A7) oldH S Fa A7l 2E® 7INke] P-type FETO| Zhs54d¢] 7iAdE + Qtt.

AolE Fze] wim EAALHE FFgse] ARG
FAS A8d F dee BEelt,

obe) AAleloll A BHQlE whep o], it brgel AA] ool ofgk 1l Znke] P-type FET= A7 EH] (Ton/ Torr)

40('
oLog2 rﬂ
wel rir

¥ o v
fuj
>
>
0%
N

w3k, Ay] gl 7)uke] P-type FETE 444 <l v}
1=

-1
Faol wpe QA AN E $Y E

[

7} 1.0 x 10 o] o wharAEAlE 1.0 x 10° o4, A7148k0] 5% (Mobility)7} 100ai/V - s o4, ©f wlghA s}
A= 450cm/V - s oA, EEAL (Vo] 1.4V o]k, B EE 2% (Subthreshold Swing)< 0.7V/decade ©]3},
t vlEA A= 0.6V/decade ©o|3t= w9~ -7 & é'o— YERE 7 9tk whEba 2 3o ofg WA &y E
WA 2~E](FET) &= HiolQ A4, 53] o] fHojdk &3] BAEAE HAARIo R Al sk=
g9 g AAEA A2 (Real-time biomolecular sensmg) pH 2 wheld wyeE A2 &89 4 g}, =
g, HEEHALA E =4 T e AxAaA Fofd tgd 2 g8E ¢ e Fdstt.

o, WAl Bal ¥ wwel me thE dw AFA L ole] Alxwpgel tistel ©g 4As dHad. o
B s) AAles B oume gAs AEs] @ shiel Rz B B o] oo dgHE AL ok, o
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[0073]
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[0075]
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[0077]

[0078]

[0079]

[0080]

[0081]

[0082]

[0083]

[0084]
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—

o2 10m FA° ElebE(Ti)S S, o wf, 7] A3E A gzda e
7+AL 10cmo] iz, EFAF 719 Alole] 7 S

W) 27 el A% A Aol
715k Abole] 1HAL 10emolt}.
2

A (T-

distance),

e 0.4 Pag §X8F =, 150TCol| A 357+ PAV-CVD ¥+
A Alo] ZHA(T-T distance), THA|
T3 Ze=ule}

Z 1
BRI
Gas Injection Hy / Ar / CH, — 10 / 10 / 0.3sccm
Working Temperature 150C
Working Pressure 18 Torr
Plasma Power 70W
Working Time 2h
T-T distance 10cm
T-S distance 10cm

&
u
&
i)
ofj
Lo
UW
EE
D
g
QL
PN
Y
o
y,
ol

aASs Re@®er =gy A HA A vhete] 2das gl Ak (defect) s B4

| 7 A% d4 =4S Z2As] A8 7] ® 29 =30l wE ArEek=viel15, 30 B 45%

9T+ A,

o ), %73} 3
Feb wEs}, 4] ArFebav wEol wE aeRel uulA JEE v, WAY R FYEE Fael #
st ofu] BFS st

x 2
Ad =4

Plasma power 20W

Base pressure 5 x IO%Torr
Gas_injection(Ar) 10sccm
Deposition temp. 150C
Working pressure 2mTorr

Working time 15 / 30 / 45s

Ar Zg=nfo] 1562 =FA7 AEL WA 126.2Q/00 FHEI) 96.6%= ZefRvld wEFA|7|A] &e =4
3t 183 (Pristine graphene)® WAT 86.2 Q/[1, FHE 97.2%) H]a] FHTAE EHTAE HIE
Holx| FYA|RE WA o] 7t Al AL ATt ol Ar FEEvhe 16x =FAIZ AMEL 2ol

Al GHEA WREe & & Ak,
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[0085]

[0086]

[0087]

[0088]

[0089]

[0090]

[0091]

[0092]

[0093]

[0094]
[0095]

[0096]
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Ar ZE}=ulo] 30% =2A]71 AMZL WA o] 281.2Q/0], FHEI} 97.8%2 HAs Aol FAHUSS
stk ole#l, Ar Telzuld] 30% w=EAZ AZ| gulwaE BAE Ay} %7&9} eamzwgl
olu)o]l A7 A& FAsISTH. o=

A3 4 = SAIT.

AA - [e)
W, Ar Fehzvbe] 5% wEA BES ghuvlaold adide] s ol Yol Alekd AL s,
Wehd, olgv 2 AYEANAE 302 AF, dE S0l 25 U B el duAE Fo AFe WA
= o] A4d o gddnh. ey Agzdeld B0 wekd Ae Aol gkl & gL AP

ou] AAAT Ar Zetzule] 30% w=ZA7]E Aol HAY 2AZRE AL Folagion HAFES 9
o

A=) A3 (defect)S Pttt

it
.
&
ui)

i

#£ 3
AY =4
Plasma power 200
Base pressure 5 x IO%Torr
Gas injection(Ar) 10scem
Deposition temp. R.T. (257C)
Working pressure Z2mTorr
Working time 30s
T-T distance 10cm
T-S distance 13cm

d) 2ol F4d 2aFel BEB) =3

£
D

=
)

ruo
iy
o o
ol

7] PAT-CVD AH|E 53 WAE FAE =, Aol 4P 2AN/TIFS AL BAY ANEY
*1}‘5“(FTS)C>52 = BHE (B ATk, kA AWk npel o], AR 2HE (Sputter)E AHESHA 4
| 2l gEeluA R ddste] aaMFe] 49 Ak olF WA S8l £ 39 (b)sh o] @ el
WE BAMe & Wel AR, 4 Fre Wy aduF@e) e ggom wAH:
B B 2EY ALY TSR 47w 3

N
N

ek e A AHEYH A2E(FTS)E o83 +AH HEB) £ 248 37] £ 49 z24dd wet =359
o
¥ 4
A9 %4
Plasma power 20W
Gas_injection(Ar) 10sccm
Working temp. 150C
Working pressure 85mTorr
Working time 100s
T-T distance 10cm
T-S distance 13.5cm

HE A4S B, 2ABFA AT (defec) T FA3e] LE®)S EFag0m, oS o LeuFe) W=
A (Band-Gap) & oI5tk o8 B, 300meldel ErlQl Abo]=E 7HAm, P-type FETS AYE BEF 5
g w2452 Az

[P-Type FET(Field Effect Transistor) A|Z]
[HA]e 1]

Aze] 12 Azxd ST ddll, 71¢ - AolE F - ACE HAF - E4T
S AARZ AFste] 2 dye] AA o] wE P-Type FETE A|Z3th, o] wf &AdZF9] A

_11_



[0097]

[0098]

[0099]

[0100]

[0101]

[0102]
[0103]
[0104]
[0105]

[0106]

[0107]
[0108]

[0109]

[0110]

[0111]

ZIHSd 10-2022-0138522

A TAH R dietgly] bl dgeles

ro
n

xz5
Al A
7|3 highly doped p-Si
AlE A= Graphene/Ti
AolE HAZF Si0,
g4 B-doped Graphene/Ti
A= Au/Ti

FAHoz, B4 wol wel dto] = (high doping)¥ p-Si Yol 100nm F7Z Si0, EAES FAsI3AT.
olojr HAZF Yol =S vl (Shadow mask) S F-2H3h o} Az 12 AZ3 AF A1 A3 A2 A
o] HAHE vaF(mask)E AYUsA WX F 7] =& W AAE 27004 2=9EHE WAooz EEE(T
DT F(AwS ZH2F 10mm, 50mFAZ A% Faste] Al A5 (Source A=) A2 A= (Drain A=)S FA4s

=

o] wf, A7 Al A= A2 AFe Z& 20m=E, A7) Al A= A2 AFAtolY 7HAL 100m= 20 x 100ﬂm2

A7) GAZE 9 @AZo] AR 7)do] ALsHA mRSHAL 3H7] X 694 AAE oA AFHEY wHA o

Z HeE(THY (A 247 10mm, 50mTAZ A% &35t Al A= (Source A=)3} A2 A= (Drain
A3 e
* 6
Ti = Au =
dc power 20W, 12W
= - -

1A e 6.6 x 10 Pa 6.6 x 10 Pa

2 e 0.4Pa 0.4Pa

=z Azt 3.0min. 3.5min.
mpxjEto 2 150 Co| A oJd & 3e] P-type FETS A|Z%3Ht},
[B]ae] 1]

K
=
E
ol
b
et
tlo
oftt
o
ol
i
i

)
sk
T
rfu
&
tlo
k1
ofd
ol
i
k)
o
tlo
oz
£
b
=
o
t

rn
o
o2l
tilo
(24
>
2
—
i)
oft
e
ol

BES] EPNE FAAGY] getol AAlel 1, vlawe] 1 % W] 28 AxF P-type FETS] it AMEHS
4]

ERR oz Aol Q= THBZE 1,600em WA G peako] TEHW, 1,200 WA 1,500em o A= Hri=
peako] #HE X k=t sARE, T HFo Aglo] AL HF 1,200 WA 1,500011‘17101]/\1 D peak’} #Z=T}.
ob2e], 47| G peakel WISt D peak?] Al7] H]&o] 245 IaHRFe 98 23 A= =255 & 5 .
5 22 AZY E 42 (0% HEAY, A 2 TANFA A GIAE S espens
peak)o] WAE A oSS & & vk, FA|INE vl 12 AFS = 49 (b)) 2T ZFow
1,200 WA 1,500cm 01]/‘1 D peakeo] WAL, olF E&, vlud 12 2AFo| HuAE Fof Ago] A
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[0112]

[0113]

[0114]

[0115]

[0116]

[0117]

[0118]

[0119]

[0120]

[0121]

[0122]

[0123]

[0124]
[0125]

[0126]

[0127]

[0128]

[0130]
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AN 12 Az T 49 ()2 FZ3W,. 1,200 1A 1,500cm oA D peake] AR oM | ¢ peakd <173}
o] D'peako] MZ FAW AL AT 4 A}, o] A7 BER) o8 ofr|HE AewM, A7 HEB)S
=5ste] gyt AdMEA Wiy} BAEGLS Feld 5 gl

T 55 =z, vlnd 282 AzI = 59 () XW AHVIZF 0.18m=z SAHHEAL. ole A B F
Agro] A Yol wWe] ¥Huwy nE AHE Ze AS & F Qv o] vlud 12 Axd = 59
(D)o} AAld 12 Ax3 = 59 (o) Z28® x| oo Ago] wAste] ¥ AZA7|7l 0.25mZ 53}

o
N
kA
N

Jo] 1= A|Z% FET2] P-type SAS &9lslr] Y&l dF HAeE EA(Transferring curve) S FA3}H O
H, o]E & 69 (a)d, &% wWE AFHAER] (on/off ratio, L) S = 69 (b)oll 7HA 3},

62 (a)E5 F=xshd, AAjdol wel Alxzd FET= 29 A% (V) ol ovell 7F7ke P-type 5A4S 7ML l&S

FAROR AN 12 AZE FEIS AFEE0 (I/Le) 7F 1.0 x 10" o4, 7718 8ko] 5% (Mobility) 7} 100
ai/V-s o), FEAG(V)ol 1.4V o3}, AMBEFEE 2~ (Subthreshold Swing) 0.7V/decade ©|3t= 7]& P-
type TLef® FETS} HlwatRS o o9 $-+3 548 veEhsict.

ol&el, = 62 (b5 F=3H AAd 1o wet AZH P-type FETQ WME=YS FE3dle] &3 Ay, 0.27eV
2 1.0eV w|gre] WMiEgls 7HA= AS G0 5 .

Y. ©d@A o 7]¥ke] P-type FET A2

AAl 1o wat AZ P-type FETE AlZ HAo)A 300mm o]/ Emdl Alol=E zke 1)

g oolen, A7 adasel Al A= A2 d=5e Fdstel Ade 4T 5+ A

3 =]l dielA Adeiso] Ajde] dEAe] AT oR AlTE= P-type

T2 adEse] & odel =]l el el Ade] vAAge] e
3

A7 A 1wt AZzekE, Al AF57 A2 AFo] Fds muQl Yo AEEo, EA4FE o]F= 1
TlZo] tAAe EA o] 9=(Single-crystal graphene) P-type FETS A4 22 Ao|3ir},

[HA]] 3]

71 Ao 1ol whel AlxstE, Al 53 A2 d=o] 289l vk (Domain-boundary)oll A A AdElx] o],
=S o|FE agdZo] vpAAAd EAo] 9d=(Poly-Crystal graphene) P-type FETE AA|q] 307 A o3t
o,

T 78 A7) AAG 2 2 A G 39 wpgl A ZH P-type FET9] AF AY EA (Transferring curve)g H| g
g Eoelar, & 82 AAd 2 F AA 3o ulg} AlFH P-type FETS AE A7]o] whE AFS wuwd 2=

_13_



[0131]

[0132]

[0133]

[0134]

[0135]

[0136]

[0137]

[0138]

[0139]

[0140]

[0141]
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= % 894 AEY dolzt 0 WA 20umg) FEE sk 1311011, T 102 Ao 2 F AAd 3
o] g} A ZH P-type FETS A 7]Asto] 5= (Mobility)ES HlxL o]t}.
5

p‘LA
N
B
ro
M
i)
( M

T 75 Fsid, v AAld 22 AZxE FET7F AAld 322 AZE EFT 18] FLg Aol Aol =4
¢l A5 (Drain current)7} &2 AS AT 5 3 At 7oA AAld 22 Alz=¥ FET7F AAld 3
o2 AzFE BT vl3] A71% E4o] o -FdAS 0 4 .

AAZ AAld 2 2 HAAld 39 whe} AlzE P-type FETS] ARFHAEH (1,,/ 1), A7IA3ol 5 EMobility), &

grok(V,,) ¥ ABEEE ~9Y(Subthreshold Swing)S =A% Axzke 347 % 79 2},

*7
AN 2 A4 3
Lon (A) 4.97 x 10 187 x 10°
Lort (A) 2.5 x 10 2.5x 10
ﬁ%’;gnaﬂul(lon/loff) 188 X 105 823 X 104
A71Rstel g e (ai/V - S) 467 175
TEAY v 1.4 1.4
B8 24 (V/decade) 0.58 0.62

5, A7) Al 2= AZF P-type FET9F Ao 302 A|%3F P-type FET X5, AFAER| (1,/Tor) 7F 1.0

x 10" o), A7kl EEMobility)7 100ar/V s o], FEASV)Ol 1.4V odt, MnEy g

(Subthreshold Swing)& 0.7V/decade ©|3lE whHals AS & 4+ AUrt.

g ol HlRFe] wAgoR AFHE A 29 A9, AREEN (L) 7F 1.0 x 107 ]

A
ol

5}
y =

o,
ofj
[o

"

o
N

71 AsFol &= (Mobility) 7} 400cm/V - s o], AEEE 2% (Subthreshold Swing) 0.6V/decade ©|3}=
olFE AT AR AFH T A 3HT AV)H Heeo] o HARAS Flsgit.

)

to

==
L

Aalel] 29} AAjd] 3o] H7]A 54 Aolrf FEHE AQdS BAE] fall, AlelE AVl -2 A 10V
Aol A dolol whE AFE waskitt,

A o] maEw, PES oF= adE=Ee] vAAHoR AT E=(Single-crystal graphene) AAle] 29 Y
Zolo| W& AL 37] & 8 E = 89 (a)9t T},

A

Z 8
Channel Length (ym) 10 20 50 70 100
-2V 94.606 kR 115.92 kQ 181.76 kQ 254.75 kQ 301.43 kS
-4V 55.780 kQ 72.231 kQ 127.65 kQ 160.51 kQ 213.81 k@
-6V 48.934 kQ 63.719 kQ 103.41 kQ 139.86 k& 185.66 k&
-8V 40.558 kQ 61.200 kQ 88.087 kQ 114.16 kQ 155.22 kQ
-10 V 28.955 k@ 41.097 kQ 73.803 kR 90.497 k& 126.85 k@

471 & 8% & 89 (a)F FEstW, Ad Aot Aojdss Aol AFHer Frhsht, HE Hol7k 100m
olgtz Algd W Aol 350kQ WA A& FAT F 9

ru

TFAAeR AoE HUL(Vyo] -2 VolAE Qg dojrt 10mel RS 71502 22.53%, 92.12%, 169.27% =

218.61% Ao] Zrlsldom, -4 Vo= A Aoyl 10mel RS 7|0 &2 29.49%, 128.85%, 187.76% =
283.31% Z7}etitt.

A2 AlOE ML (Vo] -6 VildE Ad Zolrt 10! AL 7|50 2 30.21%, 111.33%, 185.81% 2
279.41% A&lo] Zrslgon, -8 Vo= 9 Aozt 10me AL 71ZFo= 30.90%, 117./19%, 181.47% 2

_14_



[0142]

[0143]

[0144]

[0145]

[0146]

[0147]

[0148]
[0149]

[0150]

[0151]

[0152]

[0153]

[0154]

[0155]

2 S8 10-2022-0138522
282.71% Z7Fetgtt. wpHEro 2 AolE AsH(Vy)o] -10 VA= MY dol7b 10mel AL 71FO 2 41.93%,
154.89%, 212.54% = 338.09% A 3}o] Z=7}algith.

F= agiaSo] AR o7 AT E(Poly-crystal graphene) AAld] 39 g Zolo] uw&
371 & 9 2 = 89 (b)9} #ut.

2R
oo g
o £
2
iy
q fo
2

FZ9
Channel Length (ym) 10 20 50 70 100

-2V 217.59 k@ 266.61 k@ 428.06 k@ 535.92 k@ 693.29 kQ

-4V 142.09 kQ 189.14 kQ 313.61 k@ 405.17 kQ 537.76 kQ

-6V 112.54 kQ 146.55 kQ 237.86 k@ 321.70 k& 427.04 kQ

-8V 93.283 k2 120.76 kQ 202.60 k@ 262.57 kQ 357.01 k&

-10 V 66.597 k@ 94.525 k@ 169.76 kQ 208.14 k& 291.76 kQ
A7) F 83 F 92 vl AAe] 308 AzxH FET =& MY Zo|7b 100mm olat= Ae=E uf #3e] 700
kQ mito 2 714 EAdo] 9-Fslt, AAld 29 ‘ﬂl%H ok 2ul) 7tko] FUte AL A 5 3

FAHeZ, AClE HG(Vol -2 VollA= aegeFo] dAad o2 AFE=(Single-crystal graphene) 2A]<|
27} AR o7 AFEE=(Poly-crystal graphene) AAJd]l 3o uvlaf] A 122.98kR, o 391.86kQ womw, -
Vell A= 24 86.31kQ, Hoi 323.95kQ w2 A & 4 AUrt.

AR Al E HjH (Vo] -6 VellAE A 63.61kQ, Hol 241.38k2, - 8 VollAE HA 52.73ke, H
201,79k, THAEHO R - 10 Vol M= H2 37,64k, At} 164.91k0 o & AS & 5 AT},

A3l 2ol WHASHE olfw, Y dSo] tpaAF o2 AFE=(Poly-crystal graphene) AAld] 3& 1<l
vk H e 7t A E o] At ] TS Welshy] wiEolth. of&d ZdEel iU R sk Il Ale]=rt
el

AAR aeRZe] AATS 19l Atel=e} wkuldle] pAVE B 4 dow, shr] A 10 Aed 5 Ut
(A4 1]

Q = Qol 1+(A/A)]

(7] BAA 14 QE aHAZe WA, AR a9
b

Hhdo] @ Zo] Ao R A FEHE(Single-crystal graphene) AAld] 2& MY U 29 vhedart glo
o o]l Afel=rt Ald A7)9 sttt o Ay AAld 22 AlZF FETVF AAle 302 Alz=¥ FET uls|
#go] wtom AW Mt FE (Mobility) 7} 34" 4 tt.

B
ofj
o
o,
=Y
H
=
-0,

Ael=, Qo % AL 45E

T 108 AAE AAd 29 tﬂra} A ZH FETe} AAld 3 wha} Az=H FET2] d7]dslto]l &= (Mobility)E v]a
stglom, 7 AnE & 10 B & 109 AFElsklth. 7] & 109 d7)AstelE =] ©elE ar/V - Solt).

£ 10
Channel Length (zm) 10 20 50 70 100
A 2 460 465 468 460 465
(Single-crystal
graphene)
A 3 175 175 177 174 173
(Poly-crystal graphene)

A7) & 10 2 7 108 #Zzetd, agEZoe] dAA R AFHE=(Single-crystal graphene) AAe] 2% A7)
Asto]l 5= (Mobility) 7} 460 WA 468cmt/V - SC2, 173 WX 175em/V - S ¢l AAld] 3wt 543 Ad o] 7]
& H & 285ar/V - S, Hdl 292ar/V - S FEEHATES AT F 9



[0156]

[0157]

[0158]

[0159]

[0161]

[0162]

[0164]
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&, B ago] A oo wE FETE 2#HASS AXse BANA HEE (TR AFHeE FE5FT 2
HAAH(Transferring) #8S AeFstgdn 71 A7 Z=dQl Aol =7} 300mm ©] 4

r0 I
=2
s
o
o

of HE(B)S =33le] M= (Band-Gap)S H-oIsh= Aol A3 E (Sputter), ©f wpEhz

A= e e7l2] A9 e A28l (Facing target sputtering system, FTS)S #&3le] ejdle] 74 &
A& FAET
A, AFAEN (I/Lg) 7F 1.0 x 107 o], A7 48kel B (lobility) 7 100am/V - s o4, FE ALV,

1.4V o]&}, B EE 9 (Subthreshold Swing)& 0.7V/decade ©|3}¢l a3 7]¥te] P-type FETS #|%st
ATk, o= 71=9] A 7)9ke] P-type FET9} Hlu3}SlS wf H7]% EAdo] ul$- 953 FETY S ¢

e
a

L

TR, 2 2R 2daSe] =Ml ARol=7F 300 o]l Aol #etste], BAHSTE olF= 1HATE T4
gk =l el A Adeste] &AaA e o] P-type FETES A= o vk, 1 22 /

=)
)
S
jato)
ng
I
=1

0

x 10 o], HM7|Hslol s = (Mobility)7F 400cm/V - s ©]7d, A B8 2% (Subthreshold Swing)-2 0.6V/decade
o|st2 P-type FETS] 7|4 EA4& 0= A4 4 Qo).

o3t ol 5AR AFET HAR AxAE Bal B Wye] Aurgor}, o E wwel nr} WA ol
A% 571 A4 ATH AY B, L wge grle] Axeo] @4uE Ae o, X o] &3 ol
A B ANE b A ol e A= E B £4 L W] sbset

wepd, B owge] Abe AwE Axde] #@Hel AAANE opHm, F4a)
SS90 RS $7H4 Mol gl WE ABS B ou A

pz9 44
100: 713 (highly doped p-Si)
200: Al°]E A= (Graphene/Ti)

300: AlJE AAZF (Si0y)

400: &A= (B-doped Graphene/Ti)
510: A1 A= (Source, Au/Ti)
530: A2 A= (Drain, Au/Ti)

1000: Zrgfd 7]1¥ke] P-type FET
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k1
N2

1
(g
~

1000 510

530

300

200

100

[o]]]

Ml
o9t
L2
ol
xz
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k1
N2
(VA

_ "
7 ~N
/ N
; /T\/P
l\ I
\ /
\\ //

—_
[
-
—_
o
-
P
[3)
-

Intensity (a.u.)
C]

@
Intensity (a.u.)
C]

)
g
Intensity (a.u.)
o
)
=]

1200 1500 1800 2100 2400 2700 1200 1500 1800 2100 2400 2700 1200 1500 1800 2100 2400 2700
Raman Shift (cm™) Raman Shift (cm'l) Raman Shift (cm™)
z95
| ’. | .
£ g
3 L 2 ok
° ' 2 3 . s N ! : - ! N .

RMS roughness: 0.18nm RMS roughness: 0.25nmm RMS roughness: 0.25nm
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=06
18
171
E 151 /‘
S
= 141
13-
) A————————————— 22+
40 30 20 -10 0 10 20 30 40 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034
Gate voltage (V) 1T
(a) (b)
ZEH7
10"
Vo=-1.0V Ao 2

‘rent (A)
=

—Jp Inside the domain

Acrozz the domain

A0l 3

o -8
= 10 1
() 3
= h
- p— r
&N, 410 1
~ 10 x
= et
-12
10 | ] | = || = | > 1
-10 S5 0 5 10
Gate voltage (V)
=58
350 Ok- " Veg=-2V 800k m Veg=-2V
: ® Ve=-4V =
B00K] % Vieav . .
2s00k] T y
S 200.0k/
© 150.0k]
100.0k- ’
50.0k{ __f—,
0.0 . . . .
0 20 40 60 80 100

Channel Length (um)

(a)
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EH9

150.0k 300k
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