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19874 3BHS—ERTVHST
20015F1H1H BATVAQUOSHET

https://www.youtube.com/watch?v
=-lpheAs9Y4Al

2142 &Y TR LAY RO B )

ARILI+A=OR
1983 HHETFT F Ebisawa, T. Kurokawa, S. Nara, JAP 54 (1983) 3255

1992 RUAE2TFT (n= 0.002 cm?/Vs)
G. Horowitz, et al., Synth. Met. 51 (1992) 419.

2000 R2BE2TFT (p=2.4 cm?/Vs)
J. H. Schon, C. Kloc, B. Batlogg, Org. Electron. 1 (2000) 57.

200259 F25 H NILFZ TR ZES R PIETTAZREK
FHEILIFO= XBEKIERT v FILEEHIIZFEELTL


https://www.youtube.com/watch?v=-lpheAs9Y4A1
https://www.youtube.com/watch?v=-lpheAs9Y4A1

a-Si TFT/TA4ATLA1DER
1975 a-Si:HOMEFF—E>9)FIH

W.E. Spear and P.G. LeComber, SSC 17 (1975) 1193; Philos. Mag. 33 (1976) 935.
¢ 1979 a-Si TFT. LCDAMDIRE

P.G. LeComber, W.E. Spear, and A. Ghaith, Electron. Lett., 15 (1979) 179.

« 1980 a-Si LCDDENEEEE
¢ 1982 320x320 a-Si LCD

- 1986 AT E7%. a-Si TFT LCDOEMRIE 3" R7rybH5—R&ETV)

S. Hotta et al., SID’86 Digest (1985) 66.

« 1986 NEC: PC-9SLT 640x400 R &5xXE.//0OLCD

http://www.weblio.jp/content/PCISLT
CPU pPD70216(V50) SMHz

AE!  384kByte

Z Dt 640 X 400F Y~ HXE/HOLCD
fli4& 238,000 (model 1)

« 2000 Sharp: “Kattid”
« 2005 EBCRTOHFENTSOUEEBAD
« 2006 ERTVOHEENITISOUEEZBAD
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1. TLESD3Y - TA4RATLALDER
2. a-IGZO TFT/T4ARTL 1 DBAF
3. AOSOFEHEMEFIZE



BENSORS TFT DOERR

1950 1960 1970 1980 1990 2000 2010
1948 IR | EREEE |||
W. Shockley I BIEMTLZ7E0=92(Zn0O)
1951 1960 TEILI7RARIEHEER
pn JFET Si MOSFET FRIEYITFET revival
A 1975 a-Si:H R
o 1979 é—Si:H TFT1
| ommercia 1zat10n
1954 Cd$/Cu,0 SC 1983 5“ B/W LCD
o 1985 10" Color LCD | | |
1961 CdS TFT 1996 Epi-Sn0,:Sb
~1964 | (Hegr ~1 c?/Vs)

|

i poly-SnO, TFT i 2003 poly-ZnO TFT rush
| poly-In,O; TFT (g,,=0.3mhos) | 2005 LCD panel (Casio)
| |
| |
| |

11968 ZnO FET 2006 AMOLED panel (ETRI)

| _ ,

(=1 0mhos) [CLENXORIN 2004/11 AOS TFT

| 1973 Cu,0 SC 2005/12 Flexible B/W E-Paper

| (by Assimos&Trivich) 2006/12 Color E-Paper

| 1976 Cu,O FET AMOLED panel (LG)

(by Shockley) 2012/3 AL

2012 10” Retina LCD (Sharp, Apple)
2013/6 55” FHD Curved OLED TV (LG)
2018 884K OLED TV (LG)
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-G11  3.00x3.32 m?

G10 2.88x3.13

G8.5 2.20x2.50
G8 2.16x2.46

G7.5 1.95%x2.25

G7 1.87x2.2

Eal[G6 1.50x1.85
1G5 1.10x1.30

G3.5 0.68x0.88

B G3 0.55%0.65

G4 0.73x0.92

G2 0.37x0.47

Gl 0.3be 0.4'10 I
111l
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20034E: ZnO TFTHHZE) /N1 7\

Jpn. 1. Appl. Phys. Vol. 42 (2003) pp. L347-L349

Part 2, No. 4A, 1 April 2003 Express Letter
©2003 The Japan Society of Applied Physics

High Mobility Thin Film Transistors with Transparent ZnO Channels

Junya NisHi'?, Faruque M. HOSSAIN'?, Shingo TAKAGI'?, Tetsuya AITA®, Koji SAIKUSA®,

Yuji OHMAKI?, Isao OHKUBO®, Shuya KiSHIMOTO?, Akira OHTOMO', Tomoteru FUKUMURA',

Fumihiro MATSUKURAZ, Yuzo OHNO?, Hideomi KOINUMA™*, Hideo OHNO? and Masashi Kawasaki™*"
Vinstitute for Materials Research, Tohoku University, Aoba-ku, Sendai 980-8577, Japan

XResearch Institute of Electrical Communication, Tohoku University, Aoba-ku, Sendai 980-8577, Japan
3Materials and Structures Laboratory, Tokyo Institute of Technology, Midori-ku, Yokohama 226-8503, Japan
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- ’ ZnO (150 — 300°C)
CaHfQO, gate
Wpp ~2.3¢m?/Vs
Effective pgp ~7cm?/Vs




— Transparent FET
— InGa03(Zn0), film

""" YSZ substrate
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Drain current, Ipg (mA)

0 5 10 15 20

Drain voltage, Vps (V)
102 gy 1072
104 Yos=2Y 104€
©
1

Drain current, Ips (A)

Gate voltage, Vgs (V)

Science. 300, 1269 (2004).
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FEILIFAR 2CdO-GeO,
mENI=Tak A

—

. N

M RIZE I HET
K—E> 4 algE
FBEIRE ~10 cm?/(Vs)

Temperature (K)
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}
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2000£F: a-IGZONDER

Temperature (K)

300 100 50 25
- | ' InGa0,4(Zn0),,
m = 4 EEYEZESFEN
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lb 2b 3b 46 50
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a-IGZO (2004~2007): NEEFARTL AR E

Transparent, flexible TFT Flexible BW E-paper Front-drive color E-paper AMOLED
(Tokyo Tech., Nov. 2004) 2”,80x60,50ppi 2”,30%x60 3.5”,176x220 QCIF”

(Toppan, IDW2005) (Toppan, IDW2006) (LGE, IDW20006)

Flexible AMOLED AMOLED
3.5”, 176x220 QCIF* 47,320 X 240 QVGA
(LGE, IMID2007) (SAIT, IMID2007)

i 2




a-IGZO (2008-2011): K& {t. Sfi2{EE{L

) ) 17” AMLCD
12.1” WXGA AMOLED 15” XGALCD 19” qFHD AMOLED 1,280 x 1,024
1,280x768 1,024x768 960x540 Samsung LCD
(Samsung SDI, IMID2008) (SEC, SID2008) (SMD, IMID2009, #3-1)

KES2009 Exhibition

37” FHD AMLCD 70” 3D AMLCD 32” AM-OLED
1,920x1,080 3,840x2,160, UD 1,920x1,080, FHD

(AUO, TAOS2010) (SEC, FPDI2010) (AUO FPDI2011)
| - i

_ 65" AMLCD
B 1,920x1,280 31” AMOLED
| FHD HD, WOLED
(AUO (LGD
= IDW10 § IDW11
| #AMDS-4L)f #AMD4-2)
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2012%F: 1IGZO TFTO=XEA1E

AQUOS PHONE ZETA AQUOS PHONE ZETA
HiPadDLT(TT (A7 LA SH-02E AQUOS PAD SHT-21 SH-06E

9.7, 2,048x1,536, 264ppi 4.9”,720x1,280 LCD 77, 800x1,280 LCD 4.8”,1,080x1,920 LCD
(v=7",2012/3-4?) (Vv—=7", 2012/11/29) (+¥=7,2012/12/7) (v=7", 2013/5)

AQUOS PAD SH-08D  PN-K321 UH90/L
7”,1,200x1,920 LCD 327, 3,840x2,160 LCD 147, 3,200x1,800 LCD
=7, 2013/7) (r—7', 2013/2/15) (r—7" /B L8, 2013/6/28)

-

-

‘E-—M -




20134 ~: LG EHELTV

WOLED + WRGB Color Filter
55” Curved OLED TV, 1,920x1,080 1GZO TFT

(LG, 2013/15, Jeju airport) Tandem
o e

I D S T N COlOl‘filtel‘

TFT
Substrate
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i
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2013/6: 55” FHD Curved OLED TV~ $15,000 (55EA9800)
2015/4: 55” FHD Curved OLED TV $2,000 (55EA9800, USA)
2016/6: 55” FHD Curved OLED TV $1,635 (55EG9100, USA)

55” 4K Flat OLED TV $2,797 (55B6P, USA)

65” 4K Flat OLED TV $5,497 (65E6P, USA)

77”7 4K Curved OLED TV $24,997 (77EG9700, USA)



20134 ~: LG EHELTV

WOLED + WRGB Color Filter
55” Curved OLED TV, 1,920x1,080 1GZO TFT

(LG, 2013/15, Jeju airport) Tandem
o e
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TFT
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2013/6: 55” FHD Curved OLED TV $15,000 (55EA9800)
2015/4: 55” FHD Curved OLED TV $2,000 (55EA9800, USA)
2016/6: 55” FHD Curved OLED TV $1,635 (55EG9100, USA)
2019 :55” 4K (Hisense) ¥169,696

65”7 4K (LG) ¥281,588
2021 :55” 4K 105M&




mERESh TLNBIGZO TFTHE &

Apple iPad Pro Microsoft Surface Pro 4 AQUOS EVER SH-02J
12.97, 2,732x2,048 12.3”, 2,736x1,824 5.0”, 720x1,280 LCD Full In-Cell
(Sharp, LG etc, 2015/11) (Samsung, 2015/10) (Sharp, 2016/11/4)

T
-

iPad Pro

BEGHER

Wallpaper TV (OLED) OLED TV Rollable TV (OLED)
65” 4K 88” 8K OLED R, 65” 4K

(LG, 2017/4, in Japan) (LG, 2018/1, CES2018) (LG, 2021 on sale at $100,000)




LG’s Bringing Its Rollable OLED TV to the US
With a $100,000 Price Tag
2021/7/16 PC mag

https://www.pcmag.com/news/lgs-bringing-its-rollable-oled-tv-to-the-us-with-a-100000-price-tag

LG Signature OLED R

65”, 120Hz 4K gaming, variable refresh rate
$87,000 in South Korea in October 2020
$100,000 in US in 2021
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HELGETAKRKBEEBEL TVE{ENBDH?

V=Y LAY/ LG
Everdisplay/Visionox HfOLED + WRGBAS—21/LA3—
RGB OLED / LTPS (mc-Si) TFT IGZO TFT

I
B D B -0 — e WOLED

TFT TFT
Substrate Substrate

TFT
OLED

Pixel
compensation

External
compensation

& 4719\ 1>) TFRINTTART LA 27 Hhi
/—kPC AE TV (887@2021)
PFvRIL KBEZHERSI TFT NFYRIBEIEWTET
RGBZE 71T WOLED / RGB CF
EERFEI TERF I
EEEREEE EEEREEE
HBEDTFT #{ED TFT

(Galaxy Tl&~ 8Tr)
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EFEDER : LB

SC: KE &t (Solar Cell)

TFT: b5 X4 (Thin-Film Transistor)

OLED: BHSEL

FEAHHDOFER
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1975
1976

1977
1980
2005

1975
1979
1980
1977
1986
1989

a-Si SC a-Si TFT OLED

1965
1987
1997

2007
2010

AOS a-1GZ0O FeRAM
1995 2001 1952
2004

2005
2007
2012 2004
2013 2006
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				a-Si SC		a-Si TFT		OLED		AOS		a-IGZO		FeRAM				OTFT

		半導体材料の発見 ハンドウタイ ザイリョウ ハッケン		1975		1975		1965		1995		2001		1952

		素子動作 ソシ ドウサ		1976		1979		1987		2004								1983

		デバイス試作・動作実証 シサク ドウサ ジッショウ				1980		1997		2005								2004

		安定性等 アンテイ セイ トウ		1977		1977				2007

		実用化 ジツヨウカ		1980		1986		2007		2012				2004				2011

		一般化 イッパンカ		2005		1989		2010		2013				2006







Sheet2





Sheet3






EFEDER : LB

SC: KE &t (Solar Cell)
TFT: b5 X4 (Thin-Film Transistor)
OLED: HHEL
a-Si SC a-Si TFT OLED AOS
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EFEME 1976 1979 1987 2004
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SEHI{ 1980 1986 2007 2012

—f&4E 2005 1989 2010 2013
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a-1G7Z0 FeRAM
2001 1952
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2006

a-SiSCa-SiTFT OLED AOS a-IGZOFeRAM

RFEIE | 4 22 9

T INA AR e - B ES=ERE 5 32 10
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—fi&iE 30 14 45 18
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Nomura et al., ECS JSS 2, P5 (2013)
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Electronic structure of a-1GZ0O

Almost no tail states (£, ~26 meV)

o - ) B
Barrier ~0.1 eV high C Abe et al., Thin Solid Films 559 (2014) 40

distrib.l 23-42 meV

Donor level: 0.10 — 0.13 eV
- :
Hanyu et al., J. Displ. Technol. 10 (2014) 979
CBM (Mobility edge)

__Traps in as-dep. a-1GZO: ~0.2 eV
L Kamiya&Hosono, ECS Trans. 54, 10 (2013)

7 Traps in H-poor a-1GZO: ~0.3 eV
Deep levels (~2x101¢ cm3/eV) Passivated by H

Hanyu et al., J. Displ. Technol. 10 (2014) 979

— Near-VBM states (>102° cm)
(i) V, with void

. Tail (ii) Weakly-bonded O 1de et al., APL 99, 093507 (2011)
\iS_()lated states Undercoord. O Korner et al., JAP 114, 163704 (2013)
VNBM (iii) —OH oruietal, JDT 11, 518 (2015)
(iv) H Bang et al., APL 110, 232105 (2017).
Log (DOS)
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Flexible BW E-paper Flexible OLED Flexible integrated circuit
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2”, VGA, 400ppi (2009) (Toppan) (SMD, SID2010/APL2009) (Taiwan Natl Univ, SID2008)

- S
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a-C12A7 / a-ZSOZF ALV =W ERig E R HEL

Hosono et al., Proc. Natnl. Acad. Sci. 114, 233 (2017)
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We can simply speculate
doping in AOS
from ion charge stoichiometry
(charge neutrality)



Simple counting rule to speculate doping

* JTonic materials: Made of closed-shell ions M M
=> Open band gap at charge neutrality ECW

Implies-...
* If total ion charge is not zero:

=> The residual charges should be E, 0009
compensated by electrons or holes 0> O~
ex: 100In,0; =200In’* + 3000* : intrinsic
In,,00,99 = 200In*" +2990% + 2¢- : n type

In,,,05,0H" = 200In*" + 3000 + H" + ¢ : n type
In,,,0,90H" = 200In3" + 29902 + H- + ¢ : n type

* The electrons/holes are in CB/VB: Doping
captured by subgap states: Compensation

=> We should know the charge states of constituent ions
e.g., H', H, H,% or H,/ O,,.% O,,,, or O,,> ?



Why exotic ion charge (e.g. H) stabilized?

positive negative

H 1s—e@— unstable

Ms
CBM
stable
H IS/HO 1s
/HO IS H+ IS
VBM
02p H® 1s H* 1s
—00— oo
H" 1s
— 00—

* Electro negative site (near anions): H*
ex: H; coordinated to O* => H*

« Electro positive site (near cations): H-@O?*
ex: Hy in ZnO, C12A7, LaFeAsO



No substitution doping in amorphous oxide

 Substitution of Zn** with Ga*" in ¢-ZnO...
generates a free electron

* Atomic site is not definable in amorphous
a-Si Is exception: Si takes a rigid tetrahedral site

 Substitution of Zn** with Ga*" in a-1GZO...
Compensated by excess 1/20%*
during deposition/annealing

Doping in amorphous oxides
* Off stoichiometry of oxygen ion
* Addition of hydrogen



One more important:
Consider charge compensation
to understand doping



Excess O compensation model

Stoiciometric a-1GZ0O:
2-M-O+2H+0e =>2-M-O-H"+ 2 ¢

No way to make ‘stoichiometric’ amorphous film.

‘Best’ chemical composition is chosen
based on electrical properties.

O-rich a-1GZO:
2-M-O+2H+1/20,+ 0 ¢
=> -M-0O-H" + -O*-M-O-H"

Experimental Evidence?



O, supply is necessary for STD sputtering

Conductivity Trangfer characteristics
| ! | ! | ! | ! | ! | 10_

0 2 4 6 8§ 10 o T
[02]/ (I01] + [Ar]), Rz (Vo)

* Wide window of electrical properties by controlling R,
* Optimal ¢ for TFT: 103—-10"°S:cm™ = R, =2—4 %



Very small O, is enough for UHV sputt.

Conductivity Transfer characteristics
—— C 10
10°
— -7 0
3 10 0.000013 %
< 10

.0015 %

010° 10° 1001 5 10
R, (Y0)

Optimum ¢ (103—-107° S-cm™ ) obtained at R, = 107°—107° %

STD films: Extra R, =2—3 % are required
due to impurity H ([H] = 10?9721 cm™)



-O%-H* and H- in STD sputtered a-IGZO

Hydrogen anion and subgap states in amorphous In—-Ga—Zn—O thin films for TFT applications
J. Bang et al., Appl. Phys. Lett., 110, 232105 (2017).

DFT (phonon) IR for free-standing 2 pm-thick film

M—0 M-H(H)  O-H(H,,)
I | 1

() @,=1039 cm™ (a)
Ga

(x10%)
(x109)

H In

t

co,
800 °C
. . 8
700 °C
< 600 °C |
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H- structures in STD sputtered a-1GZO

Hydrogen anion and subgap states in amorphous In-Ga—Zn—O thin films for TFT applications
J. Bang et al., Appl. Phys. Lett., 110, 232105 (2017).

2H" (@ Single V, structures are

quantum-mechanically stable in AOS
c.f. H,@V, and 2H@V 1n a-ZnO
are proposed by Prof. Robertson



[2H] 1S suggested by muon SR

Electronic structure of interstitial hydrogen in In-Ga-Zn-O semiconductor simulated by muon
K. M. Kojima et al., Appl. Phys. Lett. (2019) published online
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Muon spin rotation/relaxation (uSR)

c-1GZ0O: At Zn-O bond-center site as Mu™ (Mu'BC, similar to ZnO:H).
As-deposited a-1GZO : similar to ¢c-IGZO:H, Mu'BC, ¢ doping
Heavily hydrogenated a-1GZO: includes Mu—H complex state

Supposing H- — Mu complex at 2 A corresponds to ~20% of Mu

(cf-DFT: H- — H- ~1.8 A (Bang et al., APL 2017)

=> [2H]@O* is deactivated donor
related to the doping limit ~10%° cm-3?
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High R, does not work?
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Drain—-source current, I_ (A)

Effect of weakly-bonded O

K. Ide et al., APL 99, 093507 (2011)
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Recovery by monochromated photons

K. Ide et al., APL 99, 093507 (2011)
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Model: Negative-U bistable states
Large S state

CB

Donor level ~0.1 eV

Deep continuous traps
(~ 4x10'7 cm3e V1) ()
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Recovery by light: Weakly-bonded oxygen

Photoexcitation Recovery to Large S state
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Temperature instability

In-situ Hall measurement in O,
Start from RT (the first data)
t=0:atgiven T
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Temperature instability
Deep traps by wb-O _Annealed at 200°C
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LG 55” AH#EL TV
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Electron doping by H treatments
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Electron doping by H treatments
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Hydrogen is donor in a-1GZ0O?

Deposited by PLD Nomura et al., ECS JSS 2, P5 (2013)
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Excess O compensation model

Stoiciometric a-1GZ0O:
2-M-O+2H+0e =>2-M-O-H"+ 2 ¢

No way to make ‘stoichiometric’ amorphous film.

‘Best’ chemical composition is chosen
based on electrical properties.

O-rich a-1GZO:
2-M-O+2H+1/20,+ 0 ¢
=> -M-0O-H" + -O*-M-O-H"

Experimental Evidence?
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-O%-H* and H- in STD sputtered a-IGZO

Hydrogen anion and subgap states in amorphous In—-Ga—Zn—O thin films for TFT applications
J. Bang et al., Appl. Phys. Lett., 110, 232105 (2017).

DFT (phonon) IR for free-standing 2 pm-thick film
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-OH is stable only up to ~600 °C (crystallization)
H- is much stable even after crystallization up to >800°C



H- structures in STD sputtered a-1GZO

Hydrogen anion and subgap states in amorphous In-Ga—Zn—O thin films for TFT applications
J. Bang et al., Appl. Phys. Lett., 110, 232105 (2017).

2H" (@ Single V, structures are

quantum-mechanically stable in AOS
c.f. H,@V, and 2H@V 1n a-ZnO
are proposed by Prof. Robertson



[2H] 1S suggested by muon SR

Electronic structure of interstitial hydrogen in In-Ga-Zn-O semiconductor simulated by muon
K. M. Kojima et al., Appl. Phys. Lett. (2019) published online
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Muon spin rotation/relaxation (uSR)

c-1GZ0O: At Zn-O bond-center site as Mu™ (Mu'BC, similar to ZnO:H).
As-deposited a-1GZO : similar to ¢c-IGZO:H, Mu'BC, ¢ doping
Heavily hydrogenated a-1GZO: includes Mu—H complex state

Supposing H- — Mu complex at 2 A corresponds to ~20% of Mu

(cf-DFT: H- — H- ~1.8 A (Bang et al., APL 2017)

=> [2H]@O* is deactivated donor
related to the doping limit ~10%° cm-3?
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High R, does not work?

Good TFKFTs: T
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Drain—-source current, I_ (A)

Effect of weakly-bonded O

K. Ide et al., APL 99, 093507 (2011)
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Recovery by monochromated photons

K. Ide et al., APL 99, 093507 (2011)
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Model: Negative-U bistable states
Large S state

CB

Donor level ~0.1 eV

Deep continuous traps
(~ 4x10'7 cm3e V1) ()
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Large V, state

CB

<:

Decrease the deep traps
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Recovery by light: Weakly-bonded oxygen

Photoexcitation Recovery to Large S state
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Temperature instability

In-situ Hall measurement in O,
Start from RT (the first data)
t=0:atgiven T
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Temperature instability
Deep traps by wb-O _Annealed at 200°C
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PLEDM®(Phase-state Low Electron-number Drive Memory)
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Low-power Display System Driven by Utilizing Technique
Using Crystalline IGZO Transistor

Tatsuji Nishijima, Seiichi Yoneda, Takuro Ohmaru, Masami Endo, Hiroki Denbo,
Masashi Fujita, Hidetomo Kobayashi, Kazuaki Ohshima, Yutaka Shionoiri, Kiyoshi Kato,
Yukio Machashi, Jun Koyama, and Shunpei Yamazaki

SID2012, 43.1
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LG’s rollable OLED TV is finally coming to the US
for a staggering $100,000 - The Verge

2021/7/14 THE VERGE

https://www.theverge.com/2021/7/14/22577063/I1g-oled-r-rollable-tv-us-pricing-features-release-
date

OLED R: 65, 120Hz 4K gaming, variable refresh rate
$100,000
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