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3.1 49 gk A7 5%
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19 3-1 o YeERA AT GNP device o WS H|FA 7] A
(Excitation state) °l|4 &% 5 (Charging current) 7} E=2T}7F WS 11
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I

Atole]l &£EZ] A3 (Schottky junction) ¢ A3} (Electric charge) 7}
A TH} relaxation HE Y W& A7t WHAEH= ZoE HRIH

GNP device &% 55+ excitation A E] 2} relaxation AYE] 7holl M=
ko7t Ql=dl, T AR/7F Z=2& AR vlE W AR 2=

Azl WA AA GEgth 47t AR $9e oA AyHow

ofFel AFA PaSEM A F2A @S GAAY Fhow
WrelA Admgith AWM Tz @k sk § o gR)

ERHAAL Ae A AL W We T W BE FA

A= FA AR A S50 3 AR A SERT 344
W= A GERSETE FHA e gk RC AIZE A (time constant, 1) &

st FdE W] AIRE A (11 ps) 7F = we] AR A (27

AR SHE AR W SEEE ohiet AR AT o)zt

Ak 0e AL gelE e ARakel oF 300 nA, M T gelE o

3} (the amount of charge) = W] aFlx} 17 3-1 o AFaS At

sl F4 A3 (Cumulative integration) ot 1% 34 o 2 A&

10 __j"x_-l! _'L.‘I_'t - -I_-li



1.0E-12

0.0E+00 '-'—-'w

-1.0E-12

-2.0E-12 -

harge (C)

-3.0E-12

IS

-4.0E-12

-5.0E-12

a9 3 -4 ARk AlRtel diel 4

200

k Qcharging > Qischarging
=

400 600
integration time (us)

800 1000

llf‘ %__6‘}-%]: leschargmg - 345 pC —Q—E %—ﬁ %ja‘}-%]:ol HO]_%j ﬁa‘}'%kﬁ-‘:}'
A Ges Rel dig AR wes daw Aol ow
EE I% 35 o HolFa Qtk

Q«:harging

S

®)

Qdishargirzg

D

1% 3 —5. Sourcedl A F7g3% o tj

. Qchargings Qdischarging

11

iLight:
et Off Feennr
.*%. .*.v

Yy &

@ dety W)

2o 8w



3.2% YxdAe a3

= WAt AR SHEel owd JdFS A=A Fels]
e " YreFE UEA AE S 5 YxdAE ST 2
(GNP device) ¢ & USYAE SFSHA] %S 4R (CNN device) &
HIW3FSITE CNN device oA ®A Ui fHel 5 A= Ako]e] hET
Ak =43k, GNP device oA+ A UrFrRe & A= 2
U=z Alo] o] £EF] o] A3,

I¥ 36 (v & 771 1 ms &t HS Zs e 7S o e
F exola ¥ 3.6 (b):= 02 ms o WS S
=92 543 #koltk. CNN device ¢ GNP device &
AF &wro] vebta Qlvk Z1- Y] ONN device 9 #Hof A7 -50nA
of &34t GNP device © o) AF7Z -190 nA = 39 o] =7
vebdoh S AIZE #HelAE CNN device 9 GNP device =7
A UetdER & YA e 5ol webA AR SH AlREel

A FEFS WA g Jow B

AN

o

s

e LS W §h YeFE gl a54S 7H 19

AHgatel F Ywdate a3E vlasgth 38 37 (@ oM a9

A el = Ak el disl moll His Afols HojA| etk

I

™ 37 (b) & o] 19 Wl THA 2AE @A Wlwshd '4 Ui

g ehls Qo e

)
%)

SAAMRE 5 YA e "

il

JEEE B AFoqNE Ba YeFE A9 GNP device o %%

o

ulk
~

4

12 ,324! o 1_]|



(@) J
1.0E-07 -

=

B 0.0E+00

=

=

o

-1.0E-07 - ——GNP device
——CNN device
—light
-2.0E-07 . . . .
0 200 400 600 800 1000
time (us)
(b)
1.0E-07 -

=
5 0.0E+00
—
=
@]

-1.0E-07 - ——GNP device

——CNN device
light
-2.0E-07 . . .
0 50 100 150 200

time (us)

% 3-6. ¥4 yres5r Y 99 & vyedA &
(a) 1 ms : excitation and relaxation, (b) 0.2 ms : excitation

g % A &)



Current (A)

Current (A)

(@ J
5.0E-08 -
0.0E+00 _...' . wr .,.‘.-:tlu.--.-cr.:,_. ey \_.. Y q[.w...... - M.’ ‘,JIF““ wr:- ‘. Bt s ..-..r,,.. PR
¥
-5.0E-08 - Graphene+GNP
Graphene
—light
-1.0E-07 . . . :
0 200 400 600 800 1000
time (us)
(b)

1.0E-07 -

0.0E+00 - el o W"’ﬂ”‘ MHN-‘«-nA':N mhmhmr&iﬁ-g.‘mw.@ga
——CNN+GNP
——CNN

-1.OE-07 Graphene+GNP

Graphene
light
-2.0E-07 . . :
0 50 100 150 200

time (us)

OJ

a9 3-7. 299 A 919 5 yedA a3
(@) = Y=d= —?‘]U?% g E e AR Sk
(b) &4 YxFH vs. 223038 A 99 & L}L—_?:]x} 3 vlw

: A=l 8 W



3.3%4d 7F £ W& AF 3H

3.3.1 4o A7) tiEk I

Fdel ¥ =& Ads U E F A3 (optical power) ©] F7F

SFEZ GNP device o YAFst= el M7l dist A/ 29 WHIE
A Eokt) F goleTof HS HE u 32 AR dd vl A
o] =0

] HEg% (Responsivity, A/W) & ©o|&3to] Hol MZ|&
A 5 gle,

o

ARbel wHE AR WE

el
7= W Preamplifier ©l|A]

32

a9 3-8 2 Ao HlS WS
zF dle] A7)el gisiA yERfgitE H

Source %o % HAF7F 27| uwo] ¢ HAFgke] #H‘ECh Hl9

o

AZ17F 7V 2 A3 vlaske] oF 2wl 3W, 48i7F HEE AVIE
ZAsE, W AVI7F St E AR dRe o A FUrehh
geo] A7I7F 4 E F7he W Ao AR oF 28] ShstEE dle)
A7 Ao Aol @edt A8 BAE HolXNE g

W AV FEER e @ S TS Fopdh BAE

o

Mo A F AREE AL el AEE AHF Quanin
32Y 3.9 o vhehiglth wel AVIZE AR Fbgel whebd dsae

2.53 pC oA 2.72pC 7}A] F7}3k),

15 #;rx_'! _CI: : 1_]|



Current (nA)

Charge (C)

50
0
=0 0.16 mW
-100 - ——0.34 mW
-150 - ——0.49 mW
——0.63 mW
-200
—light
-250 T : : :
0 20 40 60 80 100
time (us)
% 3-8, o] Al7le] mE i W)
2.75E-12
2.70E-12 -
2.65E-12 -
2.60E-12 -
2.55E-12 -
2.50E-12 ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

optical power of light (mW)

¥ 3-9. 8o Aol At A aA

16



7o
.50
o

B

s

N
<]

332 9

=

R

v} we) Ax 1

(3]
=

S
=

i

(Frequency) ©l &

100 Hz F¥ 1 kHz7HA]| A2 F35 vpro] 7y

=

R

I% 310 (a)

)
J_.NO

A
mjw

GNP device ©l
ol

2% 3-10 (b) & Aol wEw,

i

)
gl

=
=74

l

°©

Z}A

=

= =
T

S
paus

_]

il

=
HA~ F37} 100 Hz oA 1 kHzZFA]

2368 nA oA -290 nA E A

a9 3-11

B

s
o

R

17}

°©

o)
a9 3-12 9
gaow Z7]
A

/?)]'

M]- aO]: Qdischarg;ing

S

il

M]- aO]: Qcharging %

A2

S

S
fas

_]

FA

fe]
Relaxation 2] 7}

T

A,

=

S

ol
=

S7h WA

<

%

had

ERETES R

Fob7h T
of F2%

°©

LHER e

7}
}o| A= Relaxation A EI7F AUlF o2 7] witol T

AF7F grasl Bk oA

LHERA S

=
“41
=
T

ol

o
4
N
ol
oR

o]
7

17



2.0E-07

(a)

1.0E-07 |

0.0E+00

Current (A)

-2.0E-07

-3.0E-07

-4.0E-07 |-

2.0E-07

G

1.0E-07 -

0.0E+00 -

Current (A)

-2.0E-07 -

-3.0E-07 -

-4.0E-07 ~

-1.0E-07 |

-1.0E-07 -

— 1000Hz

0 2000 4000 6000 8000 10000

'\ time (us)
——100Hz
——200Hz
—500Hz
——1000Hz

10 20 30 40 50

time (us)

¥ 3-10. A Fubpel] b AR Ws)

10 4

h v =1 0 WO

Charge (pC)

oW 4

[=T

14

=74 A7k (a) 10ms, (b) 50 us

# Qcharging
P OQdischarging
L 2
L 4 L 4
(] )
= o
200 400 600 800 1000 1200

Frequency (Hz)

3-11. A Fobpe} Adaka: ke gt 3

g
=

18 S



lcnarging

[{i‘tscha{gmg

)
Echarging
light

% E S discharging

18 3-12. A~ F3}

> [q—% ICharging ‘T”} Idischarging i]'o]
(a) F3+7F =

Sl
w (b) Fur7b wE o

<

I

o
=

19 i ,ﬁﬂ i 1_'_” 'r::'} W



S vFEeAe webA Aoyt Fd Ee s o] g2t
gorg FAS FEshe A A9 Duty ratio o WE AF SHY

I% 3-13 (a) M+ EA9 Dutyratio & 10 %F-E 90 %74 w40
7k GNP device ° W& HIFI Q& o Algte] wWE AR WHILE
et vk T ARE AAE] 54 19 3-13 (b) o A
w2 HA9 Duty ratio 7F 57T SE JAANA S AFES -327 nA
oA -220nA E FFA S,

H2 Dutyratio o] W& A3EFS I8 3-14 o YERI S TE Duty ratio
b FEeE, oA wel Bae e 3

}\] Z_]_—% %aazl:% %—ﬁ %j-ﬁ—?/] Z{jé}%k Qcharging % %O]—FS‘TL} E]_]:
%]

FEAAAN 0E uFe
@

=

o] A, 1% 3-11 oA A A Fbrol] WE Quischarging

°of #Ad L AEFS YEhl=d, Duty ratio T7heb 9 A
AR A5 Quunn © Z7FSFOIE A THasha 9ok

Duty ratio &} A7 9 1t &3 Al dist VY EE I8 3-15

of YeEFH T Duty ratio 7F S O™ Relaxation “JE|7} 7] wjTel

FTAE Azt w7 Qst Fgh Aol Sl WhHe| Duty ratio 7F
O W Relaxation FE|7F Add o= 7] wEe FdE Ashrt BT
WAE o= Algte] F-Feith 54 Ao WA AR7E ¢ds]) 527
M E =AY Ayt BF wAH A 22 A7ro] F st
e & T SUth

20 __j"x_-l! _'L.‘I_'EI - -I_-li



(a)

Current (A)

G

Current (A)

2.0E-07

1.OE-07 |

0.0E+00

-1.0E-07 H

-2.0E-07 H

-3.0E-07 |

-4.0E-07 |+

2.0E-07

1.0E-07 -

0.0E+00

-1.0E-07 ~

-2.0E-07 -

-3.0E-07 -

-4.0E-07 ~

200

400 600
time (us)

time (us)

20 30

——duty 10%
——duty 30%
——duty 50%
—duty 70%

duty 90%

800 1000

———duty 10%
——duty 30%
—duty 50%
—duty 70%
duty 90%

40 50

a4 3-13. E2 wEuEle] i A7 Wt

Charge (pC)

(%]

=74 AI7F (a) 1 ms,

# Qcharging

OQdischarging

Oe

Oe

(b) 50 ps
L 4
L 2
L 2
O
O
O
40 60 80 160

Duty ratio (%)

% 3-14. B4 FEH 9 dat

21

off



lcnargéng

[G%S{:hafgmg

®

Eci“larging
light

e O O

icsischa{ging

:_7_% 3—15. %-j_\- '1I;FE]H] Oﬂ [q—% Icharging 3”]— Idischarging i}ol
(a) wHH =5 o (b) wHY] 2=

22 i ,ﬁﬂ i 1_'_” 'r::'} W



3.4 49 33 A7 £9Y 4& 2

17 (wavelength, 1)280 nm~ 850 nm 2] H$lo Sl vherdt FdS
o] &ato] AFsom, Ay FA o AFES thiEA] FAE E 31
e T ZF sl disiA dA sk flete] olE - & (U,
Ultraviolet), Y% (Blue), == (Green), 7 (Red), 424 (IR) - & &
z718kdnk Z2F 9ol sidas 3 A (Photon) A 4 Photon 7+ E

sdeHA 7] 91 W A7) 218 vaat 2

a7 Ll FA; oy~ Hl o] 7]
280 nm RIS 4.43 eV 79 mW/cm®
470 nm a2 2.64 eV 47 mW/cm’
520 nm = 2.36 eV 42 mW/cm’
660 nm Liers 1.88 eV 33 mW/cm®
850 nm 2 2] 1.46 eV 26 mW/cm’
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IRe Al9fstd, spgo] Aojda= Aol AFgke] A7l AAL &H
A ZE2 ZrolA Al o] wzdslAl wEg-stty 19 3-17 (a) ©ll Al excitation
e W sel dis Hol AR/ 712717 relaxation A E| 2]

71€718g o A7) wjiol, 3Fo] ZAojASF = excitation AFE] 2}

o

relaxation AEj o] AF =pol= ¢ =7}

&
o

2zte] FolAY WAYE F O AEES vlustaAr 7 3
TS AlZrel diElA 7 AR u detge] WEtE 1% 3-18 (a)

] ]’]']:4'141 :ﬂ- O] uﬂ Qcharging :11]— Qdischarging l’:; ﬁé}%]::ﬂ} E‘l 'O/] Eq-;g_ Z_]_—‘O/]
M BAE 2% 348 () o Uehigith shgo] dojdsE Aatol
%‘7]-6‘]-131 5 l‘j-—% Eq-;g- Oﬂ EH 6H /\1 Qcharg:ing O] Qdischarging E-T;]- 3—]:]-

T mgAE spRel dA 0E AYE Fest 549

o>

sgo]l EAsk 1 e FHCE AR AFEY (UV-Vis
spectrum) = WERATE [18,19]. 1¥ 3-17 (2) Aol A58kt 13 3-18 (b)
Aot M FelA] 7HE F wbEs vEbdie W] abde] oiF
ol 71+ A7 A3e} fAke o R

Uehtn gler Ew Zekxr guel s wAsH: @doletu

of\
au!
o
1o
03
r
r
X
il
P
N
2

25 J'A! o ]_._]| -



(a) 350

Current (nA)

()

Time to peak (us)

300 -

25

20

i3

10

5

~,

e

18
16
14

10

[ L ]

e

i

0

{} .

{} .

{} .

{} -

<M.+ gxcifation

.
M *
& -+ relaxation - .
.
.
* ._.
* *
. *
;
. .
. g
. .
. .
* »
.
| :
. .
»* *
n :
.
2
* .
... *
.
o* *
O. *,
5 TR .0. .
» * e -
* A4

»* > *

g e st o,.’. ...
Q T T T T T T ..’b—T
200 300 400 500 600 700 800 900
wavelength (nm)

] u -«<Mb-- gxcitation

§ . +++Q -+ relaxation

] ....:'B:".o...” s

.'.th ..... ‘:.'..g
4 ‘ i,
H H H H H H R ¥ 3 3

200 300 400 500 600 700 800 200

O 3-17. () AR ATt 9o s e A
(b) BH7HA mdebs Azt Wle) a3t

wavelength {nm)

AF3)l ¥ 741

ot

2 TR s kel

o



1.0E-12

(a)
0.0E+00 -
LD | /-—_
@ uv —,
£h -2.0E-12 |
=
@] uv
-3.0E-12 - B
blue
-4.0E-12 - — green
" — red
-5.0E-12 . . . .
0 200 400 600 800 1000
integration time (us)
5.0E-12 -
® -
-+l -+ excitation
4.0E-12 - € relaxation '.‘.‘
‘.." . . “"0 "e
T 3.0E-12 - o
gﬁ ...'. ‘.' '.. %
E ."“ 0'0. E *
7 2.0E-12 -
.. .0".. "::‘c
1L0E-12 -~ ¢
0.0E+00 o

200 300 400 500 600 700 800 900
wavelength (nm)

% 3-18. () Wl W ARG Al dal AEe dskY wa
(b) @6}_%]: Qchargings Qdischarging‘?’} ‘;-lfl] "—quo]— Zl—fl] )\01—7_ 3&7‘-”

27 o ,H i 1_'_” 'tj}



[
o
[\]
#
|\
o
>
[
jalit)
=
=4
R
¥
bl
o
Q
z
)—U
ol
[¢]

=

8

=
>

=R

s

A3 HolHE BF Source oA SATE AypEA, 1™ 32 oA
AHE AAH US 7S W= Preamplifier ©|A Source W3O Z HF7H
523, 4S5 & ul= Source ©|A Preamplifier W3O 2 HAF7} S &
794 Source ¢ Drain, 57 FHlo|A T2+ HAF WIS HTH
gobA e et ok 19 24 o 54 Al ARl A Source TAI
Drain 22 ${|X& W' DraindllA 52+ A{FE ST F Soh
124 Preamplifier £} A= A=5 Source i Drain®E HHIL
Hiese A2 HA (Ground) 8 AHIEZ 7 oz 54T AFRRE
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. Oscilloscope
Vs
Trigger ©
In % iMO
° Vd w

4.0E-07 ~

3.0E-07 - Drain

2.0E-07 -

Source

1.0E-07 -
0.0E+00 -
-1.0E-07 -

-2.0E-07 -

-3.0E-07 -

-4.0E-07 -
time (us)

1% 3-20. Source$} DrainellAl Z}2F 545 A/ W3}

29 :l_-E '\.I_"i_-l-li F



3.4 A7HA A E Source A9 A A= U2 Zes W AF7F
Source & F& 2AE 527] wWiEo| Drain A=A % &YU3A Drain
S T AR 55 Aolgtal AZekth. 1A a9 3-21 o EAIsH

A9 GNP device © HS M]3 Source 2} Drain UZEoA AAF
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Y 3-21 e FL W AR 5L A5H 3P

o a¥ 320 oA AA AR WEE A5de vEA
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1L
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1o
= s =~ =
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s v AAZE= Source o4 Drain &= T34 (Unidirectional)

AF7F 280 Bk WS 11 o] et 9Weko 2 Drain © 4] Source =

Function

Generator Preamplifier

Ju ”

Trigger Li V=105 i
ut Oscilloscope !
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1MQ

Source A ¢} Drain AF+ H|mst ol ARt 8] FUA =
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3.6 22ke] HIYH o e FTAY

GNP device ©f ¥S H]FS W] Source 2} Drain &F

I
2
I
o
it
-z
I

22 o3 T3 (Symmetry) A~AFi= Source — Channel ¥} Drain — Channel

o] S 2zt npn Junction = THEUR 124} GNP device 9

7d9-o|=, Drain A=HTY & Source A= Hup wWe i
el Y] wiEel 45 A% (Contact resistance) ©] Ao ®

Zrolx Al H i 18 3-25 (b) o YERH Z A% Source — Channel 3t

Junction ©] ¢kl A A Bt AdS WA

(a) b
C C C I & & G o=
S D | S pessess D

% 3 -25.Sourced} Drain ZF Aol wE thole = a3
(a) A A5 (b) vthAQA A5

GNP device &= %32 (Electrolyte) 2714l Tho] 2 = (Diode) 54 &
YEREE [20], vthEAE a¥el bgolet avE FAstaA 371, &=
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AFE ST
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Y 326 & 7], &, PBS £ ZHoA GNP device 9 I-V EA

(Current-Voltage characteristic) 578 4 ¥&E ROt
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2 / DIW
~ 2.0E-06 - _ ——Ids_air
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D Ids
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Ao tole= aa7F ¥ #AAA Source ©lA Drain &
AF7F S7kehs Ao Bl

Rbdel, PBS & HolM= Source AFolAMe tolet FIHT H
AAEA 19 325 (b) oA AR BRY wadrh sl ¥ A
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Cq ==
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w4 B4 & W5 Photon?} Electron ©] FE3t=dl o]uf

=5 4% (Work function) ©]7e] & oyAE 7R HE FH
¥ A7 EHT o]# st 33 &3} (Photoelectric effect)= S
H] &= ZFoto] x££z 072 WhAlsts= dAbo|t) 3.1 oA Ay Z Y

3 tho] 9= o] X% A9l Sty H| W], GNP device A= WS A%

BFI Qs Mol og AR Sl ANHOE YEhdt F AlbA L

Qs oA el HA71% (Electromagnetic Field)®] Al7]7F 5355 1,
tedlael AT FrhEe E3 wa dwRe Aol 4E7

el Al 49 (Barrier) ©] AXA @tk €& UnFH UEYI Mg

il

He A (hole)e] Mol AAIL A wEpr £KET] Gk <tFH
2 e v E BgoR oA ARTE A

= Y=Y A7F 9= CNN device, & WU A7F ¢li= GNP device 9
o] W= t}o]oj 1= (Energy band diagram) = ¥ 3-31 3} 3-32 9

ZrzF YEeERASITE. GNP device: ¥ Y YAE Zta lormz Hlo
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Abstract

Observation of metal work function

modulation by surface plasmon resonance

Hyewon Shim
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

The carbon nanotube network device with the gold nanoparticles shows the
unique electric responses to the light illumination. This experimental observation
can be explained as the modulation of the metal work function by the surface
plasmon resonance.

The device consists of two gold electrodes, called the source and the drain,
with a concentric structure. The 15 pm-long channel is formed with
semiconducting carbon nanotube network or graphene between two electrodes.
Gold nanoparticles with diameters of about 10 nm are deposited on the channel.
0 V or DC bias is applied to the source and the drain, and device characteristics are
measured under various wavelength conditions with the light on/off pulses.

The important points are summarized as follows. (i) The current responses
appear only in the light on/off transition state, and it is different from normal
photoelectric effects. (ii) The carbon nanotube network device with the gold
nanoparticles shows the high transient current compared to the graphene devices.

(iii) The amount of cumulated charge and discharge varies significantly depending
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on the wavelength. This is in agreement with the spectral response of the gold
nanoparticle by the surface plasmon resonance as it is known. (iv) The current of
the source and the drain is not just the charging/discharging current, but the
unidirectional current. From this observation,

Electric responses of the device cannot be explained as the simple
photoelectric effect or the charging current of the CMOS image sensor device. It
may be the first observation of the metal work function modulation by the surface
plasmon resonance in the electrical devices. These phenomena can be applied in a
new sensor platform which can capture some effects by the surface plasmon
resonance. The origin of the circulating current is an open question which calls

more theoretical analysis and additional experiments as a future study.

Keywords : work function, surface plasmon resonance, gold nanoparticle,
Schottky junction
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