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Research topics ,

Properties |\ Properties |

Transformation, stability, transport mechanism
Operation mechanism, reliability, etc

ronic structure

ng of physics & Control of
material properties
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Research topics

IEIectronlc Structure of Transparent Oxide Films Insulating Oxide for high mobility device and
: power device
Indium — Free Materials + Spectroscopic analysis
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Semiconductor properties of GZTO can be

FIG. 3. The monoclinic structure is transformed into

explained using spectroscopic analysis for
each binary oxide in GZTO films

atetragonal structure. when the film thickness

ngood agraement with the crystalline HRTEM

increaszsfrom 6to 11nm. The simulated image is

i images.

level spectra of In 3d left side and
Hf 4/ In 4d right side in HfOz2/ InP.

Spectroscopic Analysis
of Multi-Functional Materials

I High-k dielectrics

FIG. 3. Valence band spectra for the HfOz films left side and a band
alignment diagram with Siright side as a function of various
postannealing treatment.
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FIG. 4. Color online MEIS spectra for a change
in concentration in the depth direction as a
function of postannealing treatment.
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Diverse Applications of Oxide Films

Memristor

Coating

Solar energy

application
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Transparency? ,

10° 10° 10 10 10° 102 meters
1 kilometer 1 meter 1 millimeter 1000 nanometer 1 nanometer

Broadcast Radio Microwaves X-rays
band

Cosmic

rays
Radar Infrared Ultraviolet Gamma

(IR) (UV) rays
/\/ l/VV\

Long Wavelengths - 4 Short Wavelenghts

Visible Light

Infrared Ultraviolet
(IR) (Uv)

| o
700 nanometers 600 nanometers 500 nanometers 400 nanometers
Transparency?
= Reflection, Absorption, Transmission

=» Transmission of incident light 1 (Visible light, 300nm ~800nm)
= Absorption of incident light | (Bandgap < 3.5eV)
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Semiconducting? Conducting? ,

Band gap=1.1eV

Donor levels (>102°cm-3)
near surface

A A
overla; . :
A P Conduction Band | 23-43mev C.B
- Barrier
Tail states ~0.1eV
e ; , 7y
o0 e B, ~a0mey > (E,~13-150meV,
g > Ntot:\l *101-01]1'3)
e
g & > Localized states (as-dep. ~0.2¢V)
£ Fermi level Bandg g, = Ey
,;8 s EF g Donor levels (=2X10%cm3/eV)
54| s )
= S

DO, D+

E,~50meV Band gap~3.2eV

Tail states

Valence Band \ . \ VB

Log(DOS) Log(DOS)

metal semiconductor insulator

- Semiconducting

=» Region between conductor and insulator, Change of conductivity depending
on conditions, Bandgap

- Conducting
=» High conductivity, Free electrons, No bandgap

=
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Transparent Conducting Oxides (TCO)

High transparency .Cdo (1907) i
High mobility & High concentration [ > 5 e

3. Impurity-doped binary compound

i 1\/i SnQ, doped In,05 : ITO (1968, van boort and groth)
(ngh CondUCtIVIty) F-dopedpSnOQQ:F'lj'O ’

Sb,0; doped SnO,.ATO

Low cost & Low Temp. & Large area

4. 1990~2000: TCO films for specialized applications
Multicomponents oxide: combination of binary compound such as
Al-ZnO, Ga-ZnO, B-ZnO, CdO, Ga;0,, SnO,, In,04
Zn,Sn0,, Maln,O,4, CdSh,04Y, ZnSnO, GalnO,, Zn,In,05, IN,SN;0,,

* Resistivity < 103 Q-cm 5. 2000~ : New transparent conducting materials
. PEDOT:PSS, CNT based electrode, Graphene, Grid, Indium free TCO
= Sheet resistance < 103 Q/sq

» Transmittance > 80% (380nm~780nm visible range)
= Key components for FPD, Photovoltaic, Touch panels and Electronics

= Cost-efficient materials

&

Antistatic

o dongguk \I£
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» Resistivity: 104 Q-cm

» Sheet resistance: 1 Q/sq
= Optical Transmittance: > 85%
= Work function: > 4.8 eV

* RMS roughness: 2nm

» Chemical stability

= Stability against humidity: 85°C, 85%

» Good wet etching

= Low cost element

Solar Cell

PrerThin-Fim Solar Cells Work

- 11 -

Touch Panel

= High Transparency: >85%
= Sheet resistance: 400~500 Q/sq

= Uniformity

= Reliability against temperature and moisture

= Haze properties

= Chemical and mechanical stability

= Continuous process

1N, - Photon absorption
1. - Collection of Carrier

= High Transparency: >85%

= Very low resistivity: ~ 104 Q-cm

= Smooth morphology
= Low cost (indium free-TCO)

= Superior flexibility

* Low temperature process

= Chemical stability against acid solution

* R2R based Large area coating technique

= Reliability

dongguk «J
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Candidates of TCO ,

Indium free

Glass
gm-s * ZnO, TiO, SnO, based TCO Sunligh ‘du";co‘
E « Al-ZnO, Ga-ZnO, B-ZnO, F-Sn02, Zn-SnO,, Uoss
g o Sb-SnO,, Nb-TiO,(NTO), Ta-TiO,, Nb-Ta,O4 | T
Indium reducing
Electrode
In203 P
* Multicomponents TCO to reduce in composition -
msmon * INZnSnO (IZTO), InAlZnO, InAISnZnO, ’
ZasinsOoy INGaSnO, InGaznO, TilnSnO (TITO) Prtectie fim
TCO
ZnO Zn2SnOs ZnSnO3 SnO2 ! p
a-Si \;E”“ﬂ-f
M 'J Itl "‘I aye I"ed nI"-"Iratal elecirode
Plastic film substrale
Protective film
» Oxide/Metal/Oxide
* ITO/Ag/ITO, 1ZO/Ag/1Z0O, IZTO/Ag/IZTO, Amorton Film Configuration
GZO/Ag/GZO, AZO/Ag/AZO, NTO/Ag/NTO,
BZOIAQIBZO, TIO,/AGITIO, £ X : 2011 Displaybank W £ Xt=
dongguk \l£
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Transparent Oxide Semiconductor

High transparency

High mobility & High concentration
High quality & controllability
(Density of State)

p=0.5a Vs = 5 ety

Frame Rate b | (a;Si) (rrwrerial’.’)
(Hz) o - = \
FHDs 4096x2160 o ———————
1020180 . . I 4 . ~
120 9" / a-Si TFT poly-SiTFT I Oxide TFT !
. _
1;::720 . Semiconductor Amorphous Si Polycrystalline Si : Amorphous oxide
P fe. |
® b4 _J % 9};«1320 Transparency No No I Yes
D L\ . I
30 |- ¢, D-Cinema . .
” en_ I 9'0,. \S TFT uniformity Good Poor : Good
fs g o, Imagesi
:' ;F"—/f . I
oM o7M 20M soM T 3am Channel mobility 1cm?/Vs ~100 cm?/Vs ; 10~100 cm?/Vs
I
Large Area High Resolution Pixel circuit Simple (1T+1Q) Complex (5T+2C) I Simple (2T+1C)
FHD (1920x1080) UD (4096x2160) !
gt~ - Cost/Yield Low/High High/Low : Low/High
| .
Process Temp. ~250°C >250°C I RT~250°C
Fast Frame Rate :
60,120 Hz 240, 480 Hz AVth (@Ips=3pA) >30V <0.5V \\ ~17V ,‘
dongguk \I£
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History

20060 & & 2007

1930... 1964 1968 2003

Field Effect First TFT First TFT oxide i

invention (Sn0,)  (Zn0) TFTs m $

J. Liienfield Klsens  Boise Hosono o l
O. Heil Koelmans  Jacobs mp— Lruac 2 T-AMOLED

Hosono Gr.

- ﬁ

1960... 1970... 1980... 1990...

First TFT a-SiH p-Si organic g;éﬁgﬂ)
(CdS) TFTs TFTs TFTs :
: P. LeComber
we W Speat — : ."' " 28" AMLCD 55":‘7“0]‘,}2[)
GIZO TFT é.%;lra_\iomn éi;}mﬁ%lm ?\S&Sglj“; e
41" T-AMOLED
Samsung SDI
© The Advantages
» High Mobility (compared to a-Si)
» Room Temperature Deposition (Sputtering)
» Amorphous (no G.B. : Large Area Uniformity)
covalent semicon. ionic oxide semicon.

crystal M:(n-1)d'°ns® (n25)
, 1 Oxygen2p-orbital,

© Conduction Mechanism
» No Directionality
» Oxygen Deficiency — Carrier Generation
» Overlap of Vacant s Orbitals
» Ga-In-Zn-0 (GIZO) is Best Known

amorphous '

, - H. Hosono, J. Non-Cryst. Solids 352 (Z3eN QLK & 1.
M - 14 - UNIVERSITY %




Oxygen vacancy ,

covalent semicon. ionic oxide semicon.
crystal M:(n-1)d"°ns® (n25)
" 5

© Conduction Mechanism N e

» No Directionality

» Oxygen Deficiency — Carrier Generation
> Qverlap of Vacant s Orbitals

» Ga-In-Zn-0O (GIZ0O) is Best Known

amorphous
H. Hosono, J. Non-Cryst. Solids 352 (2006)

TiO, monovacancy HfO, divacancy
conduction band edge
" WS wF
Ti*x2+Ti*x1=> Hf** X 4+ HF** X 2 2> Tid? Hf d4

Ti d2 configuration Hf d* configuration
g 'gurati valence band edge

—"

dongguk \ 7
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Bias Instability

Frame Scan

llumination Instability

Backlight Unit

(BLU)

ov

Sio 10v

HIZO
[€]]

Glass

L -20V

Environment Instability

Ny (after 20 days)

Air (sfter 20 days)

- I .
-

|
a B W
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—— 3600s -15.0 Eho':o
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Candidates of TOS

i hemne| Depoation Pt bty Subithresthaal Prowces
Material Dopant - compound M aterals Method 1_-:.1r|".""f' ] Swamg |V adecade) Temmpeesratune { L)

=Ll Eascive sputier 1 [LE] 350
Sno, Sb, F, As, Nb, Ta. PN Al &7 0s7 154
In,O5 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te MgZn0) MOCVD a0 {125 450
ZnQO Al, Ga, B,In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf a-lnall Sputer 2 12 RT.
CdO In, Sn a-InZnl} Spauter 45 087 /]
ZnO-SnOp_ Zn28n04, ZnSnO;, a-Indndly Sputer 2T {149) ML) Gl { AWK
Zn0-In,0; Zn,In,0s, Zn;in,O4 a-ln{ada) PLLY 4 NI BT

-In{i ) 5 12 02 BT

In,05-5n0, In,;Sn;01 alnt -

a-Inaf ) Spautier 359 0.5 350
CdO-Sn0O, Cd,Sn0,, CdSnO; FrinFny Sputer 39 098 350
CdO-Iny,04 CdIn,0O, a-Hilnnl Sputier 10 .73 K}
Mgln,O, a-Snnfnl) Sputer 246 012 3M)
GalnO,, (Ga,In),0, Sn, Ge a-AlnliZnld  Sputier 314 .14 350

-ZriSnl) 5 515 {250 NI S} (i

Zn0O-In,05-Sn0, Zn,In,0:-IN;Sn501 o Spudier - e

a-ZaSnl) PLLY 10 14 450
CdO-In;05-Sn0O, CdIn,0,-Cdy,Sn0O, FnSn0) Sputier 14 16 250
Zn0O-CdO-In,04-Sn0O, a- A nSnd) Spavtier 1ik1 05 184

CadaSnl) Spautier 2446 034 & (1]]

FE 1Sl Spautier 89 07 350

Ga,0s iy (om” s
@® measured

—
0.00 100 o 10 100

O not measured

ZnO 000 025 050 075 100 |n,0, ZnO o000 025 0.50 0.78 1.00 1n,0,

ol et X in (In,09),-(ZnO)+.. (ol%) dOngg uk § "
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Characterization Issues ,

Thermal Stability

Physical Properties
(cleaning, growth)

p(T)
&
(o]

= Film = Interface

Electrical.Properties
(film, device)

tl_“(gog)_ N Transport &
|—o— Conduction
Sio /| (@) mechanism
2 1 EN DT —?]OO— . Unfilled states .
Loy P > Condleaean Electronic Structure
ACB PF 4 _
Vetal dP (Band Structure,
Si O
> Metal Intrinsic ns aall o . . .
" e }Partlallyfllled sttes Atomic Confi guration,
Properties —0CCoo— 2] 2 Defect states
1 \ " =000000000000=  Reliability & DefeCtS)
Filled states np Transport &
3 Valence Band | | _——ocoooo— Conduction
ns mechanism
H C) i |

=» Importance of understanding for electronic structure

-~

1 dongguk A&
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Importance of electronic structure

A overlap
o
£
:¥]
=
%]
= .
g Fermi level
[+]
3
m
metal semiconductor insulator
1s32s32p3 3s2,3pi4s3,3d534pE555,4dii5 pl6si, 4f 15 d16ps,7 55,51 11,6d13.7 i,
Atom Molecule Insulator Semiconductor Doped Metal
" semiconductor
>3 : z “Si—Si—S8i —Si- “Si—Si—Si—Si-
s H®H Sitly Slgs i i | M . .0‘
= @ Sio, S0, “Si—5i—Si—5i -si‘si—si- ®
e . . 8 i D | = . '.
n S0 Q2 £-E-G-ED £ &6 .
Si0, Si0, R I G A [ ....
= & & &Sk & sG-S
0 c
‘® O E; Ef -— E y E Ej E
el -~ T — '
a = , /P $ ket $ ket Er
n @ B : keT E 1 B
_— A E E - B F
e 2 5 a F B
Lm Lm k k k k

Answers how the electrons behave in matter. = Intrinsic material property,
conducting & transport mechanism, reliability

=AFEL dongauk Y
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Electronic Structures of Solid

Conduction Band

Energy (eV)

Valence Band

Log(DOS)

[Metal DOS model]

A

Conduction Band

Energy (eV)

—

N

Band gap > ~5eV

Valence Band

Log(DOS)

[Insulator DOS model]

N

Conduction Band

Energy (eV)

Tail states
E,~50meV

D', D*

E,~50meV
Tail states

Valence Band

N,

Log(DOS)

rd

[a-silicon DOS model]

Eg

Band gap=1.1eV

Energy (eV)

C.B

Barrier

l 23-43meV

$~0.1ev
A

Tail (E,~13-150meV,
Niotar ~10cm %)

Localized states (as-dep. ~0.2eV)

Donorlevels (~2X10%cm3/eV)

Ep

Donor levels (>102cm-3)
near surface

Band gap~3.2eV
Tail

[a-1GZO DOS model]

=» Importance of understanding for Electronic Structure!!

> =
M

- 20 -
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Analysis of Electronic Structure

Core states
additional anti-
bonding states

dto d+
transition

ftof+

Empty Conduction Eland
states |. 4.[.....

.‘. ahaannn :::::
dtod’ 2l..... ftof
transition
;M t‘”t‘ide RE oxide

slates f states
Occupied

: = transition

transition >.

—

e

>

-

Virtual bound
state regime

=)

X-ray Absorption
Spectroscopy (XAS)

Pre-edge regime

=)

XAS &
Spectroscopic
Ellipsometry (SE) &
X-ray Photoelectron
Spectroscopy (XPS)

Shallowand deep
core regime

=)

XPS &
X-ray Emission
Spectroscopy (XES)

Spectroscopic analysis by SE, XAS, XPS, XES in PAL, SSRL, PF

SE

Conduction
band ; b
@

h Uin

expsilon 2 (=)

Valence 46 6 65°6 66 7 75 8
band photon energy (eV)
-Gag,
XAS -
e —Sn3¥%

——Sn 6%
——Sn84%

Valence
band

Conduction
\

hu,

Core —@—0O—0—@—
level Py ®

/

Normalized Intensity (Arb.unit)

1

Photon Emrgy ( eV)

XPS

Valence
band

level

e- I
® KE SXPS VB
60 eV
. HfO,
Conduction 2
band @ 100 LY
3 LN
3
7 8 s
O S 146p3
T
8
2
£
s
\—-—\\ 1000
Core —o—o—H—
O 0 2 4 6 8 10 12 14 16

binding energy (eV)

n (KEK)
..................................... ComsS)

F Photon Factory
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Resistivity(Qcm)

(RIA )

20+

15+

10+

0.5}

00F

.
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1 L 1 L 1 L
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1 L
12 14

Al atomic percent (%)
— Al01

Zn-0O Zn-Zn

/

Interatomic Distance (A)

3.0x10°

AZO @250°C /;é,\ .
5| |——2n0 2
2.5x10° | — A% :)
—AI3% o 2
- 5| |[—AI5% <
2 200107 | T < :
£ =
O s @
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o $7n 4s
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* Al3%
> Al5%

——JF?‘ /\’\
Zn 4p

Photon energy (eV)

36F

w
[6)]
T

Band Gap (eV)
R
o =

w

N
H—a— ()

- u@®

® =

;

o 2 4 & 8
Al atomic percent (%)

10

L 1
550

104

40.3

40.2
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(9-Faw

I 560
Photon Energy (eV)

=>Relation between electrical property and electronic structure
(conduction band & bandgap & band offset) Chung et. al. Cl 41, 1641 (2015)

- 23 -

AONgguK \"%s

UNIVERSITY ¢




o

S| O-Kedge | | 'S (a) Sn34% (c) Sn 85%
g mA\ T
< ——oN0b5% s
> ——Sn84% >
S : : —*
e [ " Carrier concentration e Mobility | o} 2
o) cC —
o | w | = -
~— § ] 20> 5 o
g | @ N\ E % ?z
.; 1019 @ E g g
© 15 2 5| S '
S - N— O I I I Z=
fd > 2525 530 535 540 545 550 555 529 530 531 SE)ZhSZi EO 531 \5/32 529 530 531 5328
c oton Energy (e
S S z Photon Energy (eV) 0y (V)
c 7] 105 = —— simulational XAS
8 10° | (@) 5 I (@ A V(b)—-—experimental XAS||
& o
| —-— S
2 15 = <
et © >
S = |
S b ° L &
107 . 1 . 1 . 1 . 1 . 1 . 0 QL
30 40 50 60 70 80 90 =
- - - T |
Cationic ratio of Sn [%] S
T
£
z 530 535 540 545 550 530 535 540 545 550 530 535 540 545 550
Photon Energy (eV)

=>Relation between electrical property and electronic structure (band
edge & electronic structural boundary) Chung et. al. APL 104, 182106 (2014)
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Zn0O by thermal treatments
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=» Changes of electrical
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properties by thermal treatments
Chung et. al. ESL 15, H133 (2012)
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Zn0O by thermal treatments ,

; - . Deep level Shallow level
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=>Deep level : mobility

=»Shallow level : carrier concentration
Chung et. al. ESL 15, H133 (2012)
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20 30 40 50 60 70 80 =>»Device operation of TiO,_, annealed above 450°C
20 (degrees) =» Anatase structure

=» Changes in molecular orbital ordering

=>» Decrease of conduction band offset

Chung et. al. APL 99, 142104 (2011)
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10°

(a) TiO, Furnace Air 450°C
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| Negative bias stress (V= -20V)
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=>Relation between device reliability and

band edge state

Chung et. al. JVST-B 31, 021204 (2013)
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Nb or Ta-doped TiO,, TFT ,
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=>» Device operation at lower temperature (300°C)

=» Ordering of MO structure of Ta doped TiO,
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Chung et. al. APL 103, 213501 (2013)
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INnGaZnO TFT
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Chung et. al. JPD 45, 415307 (2012
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TalnZnO TFT (Process pressure)
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=>Relation between device performance, stability
and vacancies, band edge states, band alignment

Chung et.al. APL 102, 102102 (2013)
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WInZnO TFT (W concentration) 2 .
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WInZnO TFT (active layer thickness)
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WInZnO TFT (Homojunction structure)
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=>Homojunction structure is a method that can improve the device
performance and Stability
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Summary D

Conducting
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—emesme ] Analysis of Electronic Structure

w3 x—  =» Conduction band, Band edge states, Band alignment,
i e Binding states, Molecular orbital ordering

| valence band edge |
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Thank you for your attention!!




