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Abstract

With the spread of the internet and smart phone, the importance of the performance and portability of
electronic devices have been emphasized. As a result, the demand for semiconductor devices, which are small in
size and capable of high performance, has increased. However, recent study in semiconductor has faced to
quantum mechanical effect and limitation of nanofabrication. As a result, scaling device size is limited. To solve
these issues, there are some studies to photo doping in semiconductor device, instead of electrical gate structure,
which has complicated and nano-pattern. Therefore, a semiconductor device using photo doping can attempt
active doping with an infinite resolution without a complicated gate structure, which can not be performed in
electrical doping.

Recently, the graphene, which has extraordinary electrical and optical properties in two- dimensional space,
has emerged as a mark of next-generation of the semiconductor material. From the plasmonic point of view, the
special size of device using graphene plasomon resonance is much smaller than that of noble metal due to the
nature of the material. Furthermore, the resonance frequency of the graphene is easily affected even with a small
variation in carrier concenctration. This is a suitable for the development of ultra-small and high performance
devices, but it is essential to change the carrier concentration of graphene by photo doping with a sensitized
material. Among some sensitized materials, the perovskite shows the highest photo-gating efficiency of the
graphene, but its structure has low yield due to the hydrophobic surface of the graphene.

This study suggests a thin film deposition on graphene for increasing the surface energy of graphene and
introduces a hole transport layer to increase photo-gating efficiency. The proposed design is reproducible, and
the gating efficiency is as high as the electrical-gating efficiency.

Keywords Photo-doping, Carrier, Graphene, Perovskite, Hole transport layer
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Chapter 1. Introduction

Chapter 1. Introduction

1. 1. Motivation: Graphene and Perovskite
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Chapter 1. Introduction

1. 2. Previous Studies for Perovskite-Graphene Hybrid Photo-Transistor

J2jEES O|8%t 88 Xt JOAM & A=7(0f CHe A7 S s AL 2 Ut
O 7|gte] & HET|E 2009 1 F Xia et al. Of Q8 M-S LEE|QACE? 8ta|4 HHg St
CHAE T2 0|83t0] St AHOIEE JHA&= 2l ZE =zt EWX|AH (GFET)Q| 7R E
7tXl= Ol & AE7|= 0.5mA/W 2| responsivity 2t 0.36ps Hxo| & SEAIZHZ ZHEICH 7H2[0f
Olskes =Xt & Z80 & 23%H0| =X Bz 3 ChYE JgfH AXto| 5EHE
Het5t7| 2|5t0] O|=F responsivity & F7HAIZ|7] et 2 AR TAHE0f 2 QULCES
2 olgjet AFE2 deiE Mo ¥ £ Hdts UENME 22 TFXRE REICL QRO0A
JefE-ZEAN Yo Lol S0 AN FIoM HS ot o 2 Q) MA-FS
Aol UMSt=h, of & StLtel FH2[of7t e Yoz MEIMo= FHOo{ZiCh i QEHof
HYES 7= dEME2ERH Hol=2 Ji2[ojo] olsf FJFIH SECH 0|2F &0 7H2[0f2
Olste =X0 & S+80 2 B T J2fEe & S22 HENE 0|83t0 SItAIZ|L,
MEe e FY0M FE SEXE St A0|, T responsivity E S7tAI7|= Z0| O|2{3t
AfEo =Holzta & 5= UCh

ZZpol X7t 0| tisto 45 X+& 7HAX0|, & dE7IM= 45 X7t A=, ol
o

=2 L3t 20 BN 28d9oA Lokt 8ls & S+ot=Xlo et
=

Absorbance, A = I-Reflectance-Transmittance [a. u.]
thgez, gddde=z S0zt 2o M7 OiH zZ=& RO O 7[&2 20%t=
o)
Photocurrent Ipn

Responsivity, R = =-— [A/ W]

Incident Optical Power Pin

8
r
I
T HEHQl 10%2b 90% AtO|Q] A|ZhE olOjTiCt 2 & &
AXMOM THE 523 X|E & SILIO|Ct £3] Z Jin et al(2014)2] ¥HS M=2H & SEAIZ

t t
Biexponential fit : Ij;jgpe = Igark + Ae™ + Bew2 [A]

ol
s
il
)

2 BY 7tsSOiCh Of If ;2 M/ 2 o, 1,5



Chapter 1. Introduction

1. 2. 2. Previous Studies
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Figure 1-1. Responsivity of previous studies (a) from each paper, (b) after normalization.!”!

1. 2. 3. Limitations of Previous Studies
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1. 3. Thesis Statement
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Figure 1-2. Energy band diagram of used device in this study and operating principle.
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2. 1. Material Property of Graphene
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2. 1. 1. Graphene: One of Material
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Figure 2-1. Chemical structure of graphene
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2. 1. 2. Orbital States of Graphene: sp? Hybrid Structure
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Figure 2-3. Orbital state for ground state of carbon atom
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2. 1. 3. Chemical Bonding Type in Graphene : ¢ and © Bonding.
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Figure 2-4. Orbital state for (a) ground state of carbon atom, (b) excited state of carbon atom, and

(c)sp? hybridization of carbon atom.
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Figure 2-6. Substitutional doping of graphene 3
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2. 1. 5. Dispersion Relation of Graphene
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Figure 2-8. Dispersion relation of graphene in (a) reciprocal space, (b) near dirac point.*
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2. 2. Key Properties of Graphene

ot BojM= dajEel oistd x 22 2|8 FZEFH st dyHel EF0| Cfsto
240 = Aot 2. 2. 1 BOM= diEel otstH Fxet OjsEE A 29 & Ao} 2.2
2HOME D2fEe| F2H FAHLL SFZ AfO[Q EAE AHTAZ AT & AOo|Ct
2. 2. 1. Electrical Property: Mobility
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10 Py !
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Figure 2-9. Mobility of (a) suspended single layer graphene (b) single layer graphene on SiO».

& Figure 2-4 A 2Fot AN, » HA= ANFEA 08 7tset TAO|L, n-2O| S 1} 1T
n-2H|E AtO|E hopping & = U7| W20 d2fEel & 7H2|0 o8 =E THELL  Figure 2-9(a)2t
2-9b)ys 330 M Aes Tt sio, 7|® Ao JzfEo| CHSHY 7H2|0{Q] OlsE=2t 7H2|0f
Sk AO|o] HAE HOFELL2» S350 M As d2jEHo FL OlskZ7F £ 200,000 cm?V-'s’!
of =3t Sio, 7|EAtol OefEol ZALR0|= JdeiE phonon It 7|E phonon O 2|3 = H cm?V-
s1 Q2 O|s=7F HMetelCh of2{gh JefEel O|F =+ Table 2-1 1t Table 22 Of|AM & £+ U=

AMY CHE S22SE0 280 2 7120 0|S=S LIErHI

Table 2-1. Carrier mobility of metals.* (unit: cm?/V-s)

Li [Na| K |Rb|[Cs |[Cu|Ag|Au|Be|Mg|Ca|Sr|Ba|Zn|Cd|Al |Ga|In | Ti|Sn|Pb
Marire| 820 [34702910[1780/1050577094906120[848024102400 418 | 348 [233025102600{1270]1020| 688 | 800 | 283

Table 2-2. Carrier mobility of representative semiconductor materials.*’

Si Ge GaAs InAs InP InSb
He (cm?/V-s) 1400 3900 8500 40000 5400 77000
W (cm/V-s) 450 1900 400 500 200 850

12
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2. 2. 2. Optical Property: Absorbance
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Figure 2-10. Absorbance of monolayer graphene and stacked graphene.
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2. 3. Measurements for Material Properties of Graphene

Ol HojMe= zfEel £ & Ads 8l 58 & = Ues o7tx| 5 oE
ZolCt 1 HojM= dzjEol BEH O HX|Q wettability AFO|Q| AZHEHAIZ contact angle
A9 2 A0t 2 HO|A = raman spectrum 2 &% Jd2fEHe| =Xt = AEHO| CHSHO
0|0, 3 H0| M ultra photoelectron spectroscope (UPS)E &5t 2ol & &+E o= YH
CHSH &fm =2 Z4O0|Ch DX 2 4 HO|A = fourier transform infrared spectroscope (FT IR)E
0|83t0 zfHE ZHEst O|F &of il EXet =T HEfE mofst= 2o st

29 g AolLt.
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2. 3. 1. Surface Polar Energy: Contact Angle Analyzer

HALE ARt 22 %2 YAt HHZ 2ESHII0| ofFCh Lok Zgnt 22 02X
O

- =
g2 HESPI0 o ofgo f27t =l A2 Zol7l WEof olget Ass HEH

13



Chapter 2. Study for Graphene

Jtsottt. 7rE EA 2ol

Figure 2-11. Contact angle measurement of various materials. 42

Table 2-3. Type of surface energy, and relation between contact angle and surface polar energy. 42

Surface energy

Surface

energy Surface energy

SIN Sample details total (mN m ') polar (mNm™) dispersive (mN m ™)
1 Graphene/h-BN/SiO,/Si 36.69 3.45 33.24
2 MoS,/h-BN/SiO, /5! 41.00 1111 29.89
3 38.51 8.48 30.03
1 -BN/S 41.64 8.65 32.98
5 (_-l"l}')h!:n(‘ D,/Si 34.68 1.53 33.15
6 < 34.87 5.87 28.99
7 WSy\lO‘tSl 39.19 5.51 33.68
8 MoS,/WS,/Si0,/Si 39.48 0.31 39.16

Figure 2-11 i 52 ChE 24 2EE0 o5ty 22 ol8% FH 249
23 2 ¥ 24o=zRH 22 lojck® dgjEel g4 rUHol ¥ 34 UK E
W71 W=Zof, adel EME Z4XA ECh Ol2fgh O|f~7t HIZ J2fHEo| =0 & =X
O|&-O|Ct.
2. 3. 2. Intrinsic Vibration : Raman Spectroscope*
n-doping -~ p-doping
2720
2710 4 @
< 2700 4 2D
T 2690+ *
S z z
3 .
a x
2 15854 G
£ ‘ [ | L -
1580 < i
1575 Y T T Y T
Na-NHp An-CH3; Pristine TPA An-Br

Figure 2-12. Raman shift by chemical doping.**
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2. 3. 3. Binding Energy: Ultra Photoelectron Spectroscope*

JdeffEl =Eof cHet MEE 2Mo| 42 A SEXHOE 50% EXMSHE Ol X|Ql Er(chemical
potentia) S ZHHGHOF Sh=0|, Ol= CtYst HHZ Sl FE & == AUCL Ultraviolet photoelectron

= 24 ouyxIE 5y & £ Ul 0|5
Soff 2 oHX|E ALt g = UCH 2P oYX BMZ2 S0 Ex2 Aldh & 5= UL} Figure 2-
13(a)= UPS 8 WU EAMozHE ZAst dzfmlo] ZAst O|UX|E, Figure2-13(b)E p EHE
Jdefmlol 2 oHXIE EOECH O7|M HE 28 X oy = 21.2¢V O|H @4, = 5.15¢V O
olsff EHSIYCH flst= CHatol ZT0HX|= CHSot 20| FBHC}.

H
spectroscopy (UPS)Lt X-ray photoelectron spectroscopy (XPS)

quarget (pHe QBE

where ®gk is inflection point.

A

Inflection point
~ work function

Count (a. u.)

T T T

0 10 20
Binding Energy (eV)

Figure 2-13. Way to find work function with inflection point

15



Chapter 2. Study for Graphene
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2. 3. 4. Interband Transition : Fourier Transform Infra Red Spectroscope*

Chemical potential = interband transition & O|&%t0 HF & =k RUCL Figure 2-8(a)2t 2-8(b)=
defEle| 24 HAZE EHFELE Photon 2 22 2| 817 IE0 interband transition & Ak ~ 0
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2XAEF, where AEr = | ®pirae - P | Q1 G20 LHSICH FT IR 282E FH3 S+ E AHEH(
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Figure 2-14. FT IR measurement of graphene.

2. 3. 5. Conclusion of Material Properties
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2. 4. Graphene Transfer
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2. 4. 1. Graphene: Dry Transfer?’
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Figure 2-15. Graphene dry transfer.
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Scooping in D.I. o Acetone / IPA
Figure 2-16. Graphene wet transfer.
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Figure 2.17. Raman spectrum for various transferred graphene structure.
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2. 5. Study for Graphene Field Effect Transistor
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2. 5. 1. Background Study: Parallel Plate Capacitor
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2. 5. 2. Background Study: Counterexample of Galvani Potential®!> 2
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Figure 2-19. Counterexample of Galvani potential with (a) pn junction, (b) quantum capacitance.

MK, Figure 2-19(a)7t BE&ste HY MEfQ| pn 2 ne{di2Xl O] Feole & Exfste
potential @ built-in potential 0| EX{st= AS Y0 UACH FE HHIE 0|83t0 HH5= A2

AHO| Galvani Potential O] OFL|2} fermi level 2| xt0[0|7| I{Z0f, 0|23t ZF2| potential 2 X

g =+ Qth 222 JIRAYAS 0[8510] o[ Ao Fetot 5H 8TS HVI0= oAt

ULt BHAl ZBHA Galvani Potential O] #2| £ 7|& Bt== THE 2240|1 O Galvani

Potential O] &8 7hS3ICHE 54 88 22 40 Mool 2

HHO R AL & 4= QUCE Figure 2-19(b)£ Galvani Potential O] Ao HHM7|E PtE& CHY

Q47 Ot 45 LIEHHCE O figure = ¥A T &S LIEtL =0, Ol2st EX
=4 P

T2 dajar 22 M NE 22 H2 dH =2 QI8 LtEfHTt

A
2

20



Chapter 2. Study for Graphene

2. 5. 3. Background Study: Metal Oxide Semiconductor CAPacitor>?

Figure 2-20. Parallel plate capacitor (a) without junction capacitor, (b) with junction capacitor.

& Ao} ghdte N SF™I|(MOSCAP)FXRUAM He =™ 820
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Figure 2-21. Charge state at interface of semiconductor and oxide with (a), (b) accumulation state; (c), (d)
depletion state; (e), (f) inversion state.
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2. 5. 4. Background of Study: Operation of MOSFET
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2. 5. 5. Operation of Graphene FET (GFET)®

(b) (d) (f)

Figure 2-22. Carrier density of graphene with electrically (a) hole doped, (b) pristine, (c) electron doped.
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2. 5. 6. Electrical Parameters Calculation’*
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2.5.7. Doped GFET
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Figure 2-24. IV Characteristics of GFET with pristine, n-doped, and p-doped graphene.
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2. 6. GFET Fabrication
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2.6.1. GFET : Fabrication
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2.6.2. GFET: IV Characteristics

ojet #2 LS Sl GFET= o LEES 3= A0 &Kol Ol

2|8fA O] RO|MLE= FET Q| M7|™ EM =X

2L 22fE ML sS2=E HRE Vo= 2
2.

I'=epu Vsn% [A]

25



Chapter 2. Study for Graphene

—_ . 350
{3}5. q:& s 3 PR
%’ 5 300+ - Reverse
- — 250}
= =
2 £ 200}
b= | =
LE] (5]
T w
= [ =}
= =
3] m
= =
Q L]
40 20 0 20 40 40 20 0 20 40
Gate Voltage, Vg (V) Gate Voltage, Vg (V)

Figure 2-26. IV Characteristics of GFET (a) w/o SAMs (b) with SAMs
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2. 7. Performance Improvement with Self Assembly Monolayers>®62
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Figure 2-27. Formation of Self Assembled Monolayers on SiO,*
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Figure 2-28. Chemical structure of octadecyltrimethoxy silane (ODTS)>
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Chapter 3. Study for Perovskite-Graphene Heterostructure
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3. 1. Properties of Perovskite
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3. 1. 1. Definition, Advantage, and Limitation of Perovskite

£ 8 £ &
T T T

Efficiency (%)
¥ 8
—

B R
T

i

L L L
s %40 [T

gl

. L 1 .
10 £ 020

Figure 3-2. Terminology of (a) perovskite, (b) perovskite structure.
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3. 1. 2. Perovskite Synthesis®*
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Figure 3-4. Scheme of synthesis and formation of MAPbI3 on target substrate
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Figure 3-5. Various measurement for characterize material properties of MAPbI3 (a) XRD, (b) absorbance, (c)
PL, (d) WF from UPS, (¢) HOMO from UPS, (f) raman spectroscope (110cm™). (g) photo conducting effect,
and (h) field effect of perovskite FET.
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3. 2. 1. Analysis of Theoretical Energy Band Diagram®’
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Figure 3-6. Theoretical band structure (Anderson rule) of MAPbI3-graphene hetero junction

(a) before contact, (b) after contact
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3. 2. 2. Practical Doping State

(a)

—— GFET {b]

1250 —— Hybrid (under dark)

1000 -
750

500+

After Contact ‘

2501
0= = cF 2 = = =

400 -5 0 50 100
Gate Voltage, Vg (V)

Channel current, [ch (pA)

Figure 3-7. Hole doped graphene after contact with MAPbI.
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3. 2. 3. Absorbance and IV Characteristics of Heterostructure
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Figure 3-8. Qualitative measurement of photo doping of graphene with (a) absorbance measurement and (b)
PL measurement. !’
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3. 2. 4. Photo Doping of Heterostructure
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Figure 3-9. Description of photo doping with (a) energy band model, (b) electrical measurement.
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3. 2. 5. Limitation of Heterostructure
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3. 3. Role of Hole Transfer Layer®
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Chapter 4. Device Fabrication and Characterization
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4. 1. Device Fabrication
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Figure 4-1. Scheme of device fabrication.
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4. 1. 1. Device Fabrication and Characterization: Substrate
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Figure 4-2. Substrate structure.
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4. 1. 2. Device Fabrication and Characterization: Self Assembled Monolayers (SAMs)

Au (Source) Au (Drain)

[ ————e ]
& Si0,
p-Si

Figure 4-3. Substrate structure after SAMs formation.
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Figure 4-4. Characterization of SAMs with (a) optical microscope image of channel area, (b) mobility
improvement of GFET, (c) enhanced photocurrent of perovskite-HTL-graphene hybrid structure(used device in
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4. 1. 3. Device Fabrication and Characterization: Graphene
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Figure 4-5. Substrate structure after graphene transfer.
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Figure 4-6. Graphene wet transfer.
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Figure 4-7. Characterization of graphene with (a) optical microscope image of channel area,

(b) raman spectrum for graphene, and (c), (d), (¢) hydrophobic surface of graphene.
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4. 1. 4. Device Fabrication and Characterization: MoQO3
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Figure 4-8. Contact angle measurement after Depositing MoOj3 thickness of (a) 1 nm, (b) 2 nm, (c) 4 nm, (d) 8
nm and optical microscope image of thin film spin coating on the 2 nm thickness of MoOs.
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Figure 4-9. Chemical doping effect of MoOs doped graphene. (a) energy band diagram of MAPDI;, graphene
and MoOs doped graphene, (b) UPS measurement of MoOs doped graphene, and (c) electrical measurement of
bare GFET and MoO; doped GFET.
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Table 4-1. Effect of MoO3 deposition on graphene

MoOs3 Thickness DuE Dpg DGraphene Contact angle
Onm 21.2eV 16.95 eV 4.25eV 80°
Inm 21.2eV 16.45 eV 4.75 eV 55°
2nm 21.2eV 16.35eV 4.85eV 32°
4nm 21.2eV 16.30 eV 4.90 eV 25°
8nm 21.2eV 16.25 eV 4.95eV 17°
212 HO[Z2FE Mo0s 2| FH 7t S7tetof el a2fE 2| B 7t S7t5tL contact angle O
d4sts E4E OIIIDF HAUMQ MoOs o FH7t FHESE HZEAIO|E-JE O|F
B0 H7|1HME=rt gaotnt matA EH3HE Moos FHE ER2EZ dt=0l, Ol= MoO;s 2

FHO| 2 Er 2t contactangle B2to| H=EHO| 3{EStE 2 nm 7t HESICHD FHEHEICE OO
Lo M= Sungetal.2] HTE FHZSHH 2iEH-Mo0s-8E+ES-MAPbL; T+Z0[A 2nm 2
MoO; 7t CHE F7H 2l MoOs & 7HE WEL =2 EYTX 228 LUAZCHE Z2oA:
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4. 1. 5. Device Fabrication and Characterization: PEDOT:PSS
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Figure 4-10. Substrate structure after formation of PEDOT:PSS layer.
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Figure 4-11. Cross-sectional SEM image for PEDOT:PSS layer.
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Figure 4-12. Variation of energy band structure for MAPbI3-MoO; doped graphene hetero junction before and
after formation of PEDOT:PSS layer.
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Figure 4-13. Optimization for thickness of hole transport layer, PEDOT:PSS. (a), (b), and (c) cross-sectional
SEM image for PEDOT:PSS : D. I.=0: 0, PEDOT:PSS : D.1.=1: 0, PEDOT:PSS : D. I.=1 : 1, respectively.
(d), (e), and (f) I-t Characteristics for PEDOT:PSS : D. 1.=0: 0, PEDOT:PSS : D. I.=1: 0, PEDOT:PSS : D. I.=
1 : 1, respectively. (g), (h), and (i) IV Characteristics for PEDOT:PSS : D. [.=0: 0, PEDOT:PSS : D. I.=1 : 0,
PEDOT:PSS : D.I.=1: 1, respectively.
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FIIHM Qo2 C Wangetal(2018)2 QI835tH Y T=0| B3} MAPBIs-PEDOT:PSS-graphene
[e]]
AN

BABOMS M|V &2 OlRE & +

4. 1. 6. Device Fabrication and Characterization: MAPbI3

Perovskite

Au (Source) Au (Drain)
Al |

Figure 4-14. Device structure used in this study

O HO|AME 30 nm 2 PEDOT:PSS 7t YME 7|EHo| HE S43ts 22O HREAIOIE
(MAPbL;) & HYst= 90| st HYHSIQUCH MAPbI; 50| REYE ZO| AXfo| HHEE
Figure 4-14 Off LIEILHQICE MAPBI3 S HAMStE ZE IHEHL 222 A LROAM s on,

2-step HHZ O|ESIRACE X, 461mg 2| Pbl, (sigma-aldrichyS 1mL 2| dimethylformamide (DMF,
sigma-aldrich)Ofl &SHA|ZI 2, 15.9mg 2| CH3;NH;I (MAI onematerial)& 1mL 2| TPA Off &3 A|ZICH

g2 &7| {8 100°ce| SHEZO|ENA stirring SFHLCE ZH2ZEQ| precursor 7t H&9| 419 =Z,
PEDOT:PSS 7t @M=l 7|0 Pol, EHS 82|10 4000rpm 2] FE2 30 XS AT FESIIACE
CH2o 2 100°c2| & EO|ENAN 5 27F annealing S dIUT 7|EES MR20=2 Asl Z
MAI 8HZ H2[1 3000pm 2| S 2 30 2 AT FE SHRACE AH IE Mo, F FH|

o2
B2 2 E7| I8 90 =72 casting SFRHLF.
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Figure 4-15. Characterization of MAPbI3 with (a) optical microscope image, (b) SEM image, (c) absorbance
measurement, (d) XRD measurement, and (e¢) PL measurement.

P AO| optical image 2F SEM image £ Figure 4-15 2 20| #&SIACE O] F
MAPbLI; O] bulk FEHE PHEOX[7|& HoLt Mt 8toko|2ty| 2Lt
A=, Ol LetHel HEZEATFIOES| W it= XHO|7F QUCE Of2{gh
nanorod 7t F-EE OlfF= A MK ZE FE2 &= UCL A Bz, HEEAFOEE Y I
l1-step RS O|&St=X|, 2-step WS O|E5t=X[0f et F&0| XHo|7F QUL &= K O|RF&

4t S 0|85t0] HZre f o|83st= EO012! DMF 2 IpA, d2|1 XN&E E8HO| =7}
e 2E0| 7|of5ty| W{ZO|Ch™ s M M O|R& 7|E0] BHESH 24910|7| MjZO[Ct EfAFFX|
Z2O0FM = HE 552 EM mesoporous B TiO, 7| EE 0|&3t=0|, 0] HT0|A = PEDOT:PSS
=i AF7I0|EE AdSIQ7| WZO|Ct 80 HEEATFIO|EQ| Yo ZE2 EfYTX|
o

OfoilAl B2 AF7 T Yol HZEAIIO|ES YAO| EfYHX| 0= IAH
Fg= OIXA| E=Ckn L4 QUL 780

oHH MAPbL; 2| §42 LIEtLf= absorbance measurement 2t X-ray diffraction (XRD) measurement,

J2|1 photoluminescence (PL) measurement & Figure 4-15(c), (d), (e)0ll LtEFLH LT}, Figure 4-15(d)0fl A{
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= 7 AX0|, 2 AFOA HZESH HEEATFIO|EE (110), (112), (202), (220), (312), (224), 2|2

(3142 ZH HRE XM, Ol= 7|Z2| MAPbL 2t =20|M2o| ZHEt H|x=st ZAnto|Ct
ESH 4-15 (024 () =8I MAPbL; 7t &F 765 nm O S{EstE OH{X| HHE WS 7HX|= A

of = = UNALE

ofm

ol

mjo
tot

4. 1. 7. Summary of Fabrication Steps

MAPbI,

= Gr/MoO,/PEDOT:PSS
Si0,/ODTS

p-si

Figure 4-16. Cross-sectional SEM image for device structure used in this study.

- p-type 111 single crystal si

- 300nm SiO; - Dry oxidation

- 10mM ODTS - Spin coating

- Wet transferred graphene

- 2nm MoO3 - Metal evaporation
- 30nm PEDOT:PSS - Spin coating

- 400nm MAPDI; in glove box - 2-step spin coating
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4. 2. Equipment

4. 2. 1. Designed Glove Box System

Table 4-2. Drift of designed glove box system

tH|E 25U OIXZe = 4.2,

Glove box Set-up

I e acum Mo p

W' CLIUITT L

Spin coater Hot plate Scaler

Pass box

55.953%

Dry condition
Control ambient condition Variables

Spin Coater 3 * Hot Plate * Scaler *
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e

- Model : ACE-200
- Maker : Spincoater
- Price : Trade (MNDL)

- Model : MSH-20D
- Maker : Wisestir

- Price : *

- Model : AG-204D
- Maker : Mettler toredo
- Price :#800,000

Glove box

- Model : MO-GB-001
- Maker : MOTech

- Price : #3,102,000 (30%)

Nitrogen gas + Cabinet

Regulator

N2 99.999%

[T - i

- Model : Nitrogen gas
- Maker : Special gas

- Price : #44,000 + 286,000

- Model : GHN-3
- Maker : Chiyoda
- Price : #253,000
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4. 2. 2. List of Fabrication Equipment

Table 4-3. List of fabrication equipment

Fabrication Equipments

Spin Coater 1

Aknowledgement : EE

Wet station

Mask Aligner

Aknowledgement : EE

Aknowledgement :

EE

- Model : Spin-3000A - Model : MJB4 - Model :
- Maker : MIDAS - Maker : Suss MicroTec - Maker :
Thermal Evaporator Oven

ICP Asher

73 f#’;

Aknowledgement : EE
- Model : KVE-T2010

- Maker : Korea Vacuum Tech.

Aknowledgement : EE
- Model : KVIA-3008DC

- Maker : Korea Vacuum Tech.

Aknowledgement :
- Model : OF-27S-3
- Maker : JEIO Tech.

EE

Sonicator

E-beam Lithography
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Chapter 4. Device Fabrication and Characterization

Aknowledgement : EE
- Model :
- Maker :

Aknowledgement : NNFC
- Model : ELS-7000
- Maker : ELIONIX

Aknowledgement : ADEC
- Model :
- Maker :

UV/Ozone Lamp

Aknowledgement : ADEC
- Model : UV/O-zone Chamber

- Maker : Labtechscience

Aknowledgement : MNDL
- Model : Spin-3000A
- Maker : MIDAS

Vacuum Furnace

Aknowledgement : MNDL
- Model : Vacuum Furnace

- Maker : Sungrim Industrial
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4. 2. 3. Designed Laser-Probe Station System

Table 4-4. Drift of designed laser-probes station system

Electro-Optical Measurement Set-up

Laser Source

Source Meter X2 *

— Focusing
Ilumination
Source

CCD 300
- Distribution
. e | — Fitting
~ 200|
=3
‘E.u" '
e
: —i
O 100} _ HM
] ~ 2um
0 20 40 60 80 100 120

Position (um)

z

Knob

e P Vot
Photo detector ]
= Power
X y
Micro Positioning Meter

Name : Probe Station with Laser system
Made by

Minimum beam spot : about Tum
Maximum sampling speed : 200ms
Real time imaging with CCD

Real time graphing with Labview
Objectives : X10, X50(SLNPLN)

Two light sources available, easy to align laser source

Probe positioner * Labview
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-Model : Keithley2400
-Maker : KEITHLEY
- Price : ¥7,040,000

-Model : PB50
-Maker : MSTECH
- Price : ¥2,602,050

-Coding
-Maker : National Instrument

- Price : Custom

Laser Module *

Mount

Fiber Laser

-Model : LDC3900
-Maker : ILXLightwave
-Price : $10,070

-Model : 710
-Maker : Newport
- Price : ¥1,320,000

‘
%

-Model : LD-635-11A
-Maker : Newport
-Price : #660,000

Collimator Attenuator Power Meter Module *
1!
& .y,
FC/APC Connectors Female BNC Jack
-Model : 67-719 -Model : V600F -Model : PM320E
-Maker : Edmund Optics -Maker : Thorlabs -Maker : Thorlabs
-Price : ¥231,000 - Price : $465 - Price : rent(SNU)

Power Meter Head

54
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Microscope Stages *
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-Model : S130C -Model : PHL-3 -Model : Micro Positioner
-Maker : Thorlabs -Maker : Custom -Maker : Mutitoyo

-Price : $499 -Price : * -Price : *

Laser Fixing Mechanical Parts |Assembled Microscope Parts CCD Camera

-Model : Custom-made -Model : BXFM
-Maker : Futurescience -Maker : Olympus
-Price : #200,000 - Price : 3,570,000

-Model : aCA3800-14uc

-Maker : Basler
- Price : W572,000

4. 2. 4. List of Measurement Equipment

Table 4-5. List of measurement equipment

Measurement Equipments

UV/Vis Spectrometer UV/Vis Spectrometer 2

Raman Spectroscope

Aknowledgement : MNDL Aknowledgement : ADEC
-Model : S-3100 -Model :
-Maker : Scienco -Maker :

Aknowledgement : NNFC
-Model : Phoenix 300 Plus
-Maker : SEO Co., Ltd.
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FT IR Spectroscope Atomic Force Microscope

Aknowledgement : NNFC Aknowledgement : NNFC Aknowledgement : NNFC
-Model : IFS66v/s -Model : NX10 -Model : Sirion

-Maker : Bruker -Maker : Park Systems -Maker : FEI

Ellipsometer X-Ray Diffraction UPS

=
. R H
! | l
- ie——
[ —

i LI % =%"] i
Aknowledgement : NNFC Aknowledgement : KARA Aknowledgement : KARA
-Model : M2000D -Model : D/MAX-2500 -Model : Sigma Probe
-Maker : Woollam -Maker : RIGAKU -Maker : Thermo VG Scientific

Nanospec

&

Stylus Profiler Contact angle analyzer

-Model : AFT 5000 -Model : DektakXT Aknowledgement : NNFC
-Maker : Nanometrics -Maker : Bruker -Model : Sigma Probe
-Maker : Thermo VG Scientific
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4. 3. Control Variable

o EOM= GFET 2 #=0A M2 TR0 SES OIX[= Df7HH==0f CHSHo] LOLE D,
ojof CHet QI |2 EtEEE mASHRACE 4.3. 1 HOM= Oi7H#¥ =7t GFET 9 T 7|X £40|

o

OXl= Sgs ORI, ol2iet HOlSS SHOF ot= O|F0 Cisto] ASoi 2Lt 4.3.

4. 3. 1. Device Parameter of Graphene FET
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Figure 4-17. Channel current dependence on (a) width, (b) length, and (c) applied channel bias.
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4. 3. 2. Parameters of Photocurrent
Graphene 7|9t2| photo-transistor O|A] =
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Chapter 5. Measurement and Discussion

Chapter 5. Measurement and Discussion

o FoM= 4 HoIM HZET HZEAZIOE-YI+S5S-AEHE MEE JHX= EE 2l

EMRIAEH Xt 0] £Xtel 282 HFoIEl ZEot HHE 0|8%t0 FHT=ES

ZYoIUCt £ o] ZHCZRE A2 HOHE 0[83t0 afEO| 7H2|0f 5= HIHE oY

sf ERQACL 5.1 oMz FTRO A S Sdu AOE MY 8H 5S4 ZHULL 5.

2 HoME & ZBE7ICl hEXN HsXI2l responsivity & TR}, 7|EQ HEEATIOIE-

JgiE o|F Hets 7HAl= 97E1 Hln of BT 5. 3 HoM= 5. 1 ”o|M ZF3 HO|HE

0|83t 7H2|0f 5= WS mhet of 2 ALt

5. 1. Opto-Electrical Measurement

ot HoMe H=ZEAIOE-FI+ES-AHES MEZR 7HKs EE niut EUMXAH
=]

2RO KHEO 4 FoilM =ES olX-=2 o
633nm o mMEE 7ZtXl= 20|M HE attenuator £ O|&3H0 YUATHEZS HIIA|FHIIH
5oL 51,1 o= FF Ao E 3E Ed=

—TT
Aol Mol M2 ME SHS SHAUC

Ol HOME HMZEsH AKXt A2t 8 EMHE =Y of EJCt &H
st EYZE Figure 5-1 Of LIEFLHQICE LAIM =0 Mat L2810 FHSIF2H Figure 5-
1@e= 125 nW, (b)= 185 nW, (¢)= 809 nW QI A0 CHet F7HZL0|CE YA MH2 attenuator 2

ZHSIY D O] photodetector 2t power meter & 0|-&3}0] FHS}IRALE,

(a) (b) (c)

3 2000 12.3nW < 200 185 nW L o0 — 803 nW
> = P ,
ke ke = : i
E 1800 'g 1800 E 1800
5 = 5 ‘
o a 0 -
2 1500 2 1500 2 1g00 | |
c c =
£ 2 £
o O O

1400 1400 T 1400

1000 1500 2000 500 1000 1500 2000 1] 500 1000 1500 2000
Time (s) Time (s) Time (s)

Figure 5-1. I-t characteristics of the fabricated device under incident power of (a) 12.5 nW, (b) 185 nW, and (c)

809 nW.
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/9] =7 HIOIHE ot2fi9 bi-exponential fit YHES 0|2310f SEA|ZLS EA3|GICt?23

t t

Lignt = laark + Ae™ + Bew [A]

Of7IM r; 3t = 242 42O lifetime If ERO| 2ot SEAIZIS 2l0$tCt 57 GHIO|H=ZRH
2 Azt 88 H+E Table 1 Of F2|StRULt Table 2 & 7[EQ| HZEAZIOE-O2{E O|F

A
=
s 7Hle & 43719 Al &8 d2let AolLt.

Table 5-1. Time response constant using bi-exponential fit

12.5 nW 185 nW 809 nW

Rising time (s) | Falling time (s) | Rising time (s) [ Falling time (s)| Rising time (s) | Falling time (s)

T 3.4 8.1 12 16 3.5 10

1y 71 90 243 195 74 214

2 gFoM Fetet fxRe 7|ES dAFSEC0 =@ At Y 582 7RCh ols
HEZEAFIO|ENAM dELZ 0|&st= 2|07t F=7tE @a3+EF & 7|&Q s 7
HE|E O|=l{of otH, £3], MoO; 2t= HUHMEZ Sntsfof ot st 2 AF0MEe i
X'Eol 20| £ = 50um B MZESI}A=0], ol 7|&EL HFE0| 10um O[5t g ZO|=2 XZfst
A= CH=H™o|CH M 4. 1. 6 EO|M LIZEAFIO|ETl nanorod HEHCZ THEOXCIR
AZStA=0, O/ nanorod = YHE L EEAIIOIEZOIML FH2[0{e] 0|FO0|
SrOrSEfOi Mol 7HE|0f O|SECH AHFEX R2UT A7t 8 SHE2 24 & AHX[7 ot
Ol2{3t O|RE WEO| A&7t 78t Ho=2 HCe|H, ofof CHE MEUSH 2M2 2 =20
CHEX| UUACE T FTFRE2 YAStE 2ol M717F 125 nw & I 306 wA, 185 nW & I 242}

483 pA, 12|11 809 nW & [ 518 pA 2 ™| QALCE

5. 1. 2. Photocurrent Measurement: IV Characteristics
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Figure 5-2. IV Characteristics of the fabricated device under various incident light intensity.
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5. 2. Responsivity

ol ZojMe 5 1 ZoA 5T HO|HE 0|83t & HE7IC 45X+ responsivity S
ToHERASH, O gt = St 4Z0IM

= o
= O/ ===2| HO|Het Bl 3 2Tt O =E=
A45st Hol SME S8 normalization £ sif Et2D, 0| S YAEHS| S7t21t X7
o

o
P

t20| MYXMOo=Z HlStX] %S2 & = URMULCE 5. 2. 1 HOM= 5 1 "HOA FFs HOHE
0| 8310] responsivity & A4t off EQUCE 5 2. 2 oAM= O == responsivity & H|u 3
BE}OH, 5. 2. 3 EO|AME normalization factor & FOHERJACE 5 2. 4 HO|AM= normalized
responsivity & AlMSIY SO, OMX|HC 2 5 2. 5 oAM= Jd2iE 7(Hte| & HAE7[et JaiE &

=g BEE mYstI|of responsivity 7t ‘dSXl+2 HetSHA| 2 OlR0 CHsto] Ha2|sk ALt

LS L
5. 2. 1. Responsivity Calculation
& AE7| 20Fo|M THEHECQ M& X|=Ql responsivity & L1t 20| & = QUL

Photocurrent _Ipn
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5. 2. 3. Normalized Parameters
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Table 5-2. Device Parameters and Normalized Factor of Previous Studies.'”-2!

Author Structure Shape W | L Vep  |lllumination type VSD%
Y. Lee C:niﬁi\ Film | 1000 |50| 0.1 3um Laser 2
CVD-SLG\
Island 100 |10 3 ? 30
Y.Wang | \inpoar, | "
M. Spina C:ﬂi_l:’sga_::a\ Nanowire| 10 |10)10 X 103 | 4mm spot Laser | 0.1
3
Au NPs\CVD-
Island |20000 |40 10 L Spot? 5000
Z. Sun SLG\MAPbIS slan aser Spot
; CVD-SLG\
Fil 800 | 5 0.1 LED 16
C.Xie losimmappr,| ™
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5. 3. Carrier Density Variation for Photo-doping
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Figure 5-7. Calculating carrier density variation from AVg (a) Method and (b) Results.!7-2!
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