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a b
Covalent semiconductors, for example, silicon Post-transition-metal oxide semiconductors
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2.1.1 Zinc Tin Oxide(ZTO)

o} (Zn)1} F4(Sn) 2.2 A E zine tin oxide(ZTO)+= 215 (In

O T A ASHE WHEA) B B B el S|she, o4 ArshE

o
H
o
_O|_lL
)

ZT0S AR FLZ = Z& ot ARQl HA] 0| 2 B A 710 E(face-centered perovskite,
ZnSnOj3 type) X2} etAAel o Axn]dl(inverse spinel, Zn,SnOy type) F+F&
7Hith 49t or Hm=HATIOlE X tiH] o Aujd 237} ¢ QFYstE
2 32 T oA A% ZnSnO3; 2AL n|& A &5 2 7Zn,Sn042} SnO, =
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4= gtE5H] {18l B2 A AFSh=(multi-component oxides)& 4}-8-5h= ©]-f-fl
i) ojeF go] W2 2= FAolA vgE A= FAISH] AsiM=(E A
d& o171 HoliM =) AHER}ZTO O] 24d0] Q= A A EollA 71aFxol
71E s A4 LEHT W2 oA ( <700 °C) 4-219] 5= WA
A AF7F o, 24dH]of mhE 2749t 2k Wt E 1
2] Ao EA4 ztolof tigh A= Wol o] gt

210 upato] 38} W= 7(optical band-gap) & 52 270 91 240] Wshe] o}
2t 24 Fetxw, 2k 2.9-3.9eV 0 £AE 2= Z 0 = HATETH32)[4].
Mullings et al.2] Lo wh=2 ™, Zn0O2] 217 W= 7

O

(direct band-gap)-2 3.3 eV =

)

FolH of7]o) 42 10 % F7}shH 7149 viE Zi(indirect band-gap) 7|5 2.8
eVZ Zo] &t} o|uff 49| L5 50 % ~FO 2 o] FT7HA7|H ¢F3.4eVE 4
o1 7]t} o}l H7FakA] 9 Sn0; o4 EA AHSHRI AL ThA] 29 VR W=



2.1.3 ZTO ZAu]o| 2 A7) 4 EA

ZT0 ¥are] 2714 B Aol ghall A7e Ao LSS Al B w of a4
o] Thek 50 ) 50 Ml &2 EAT U 7P S5 24 A Holk Aoz gelA
glov], ofel ] 49| Sk FA F71E4E vute] A st Frteks A
0% BAH 3 gIck. o]} PAH R BAE] A0S AvfotA tha 2ok

Jeon et al.& B 7 Zheata, vl go] AP £ BHL ol §5te] HA

A

ZF2 9] "H|-go] Z7}gtef wket ZTO TFTL] E 3} o] % I (saturation
mobility, u,) Z FE A} o]5} A Y (subthreshold gate swing, SS)-& E-E4 24
S B0, Zn/Sn = 1 H]-EN A g = 3.4 cm?/Vs, SS = 0.38 V/decade, V,j, = —
L1V, Ln/lyrr = 3.24 x 10°2] 7} $-43t 421 A5-& Uetdth A 2= Sn0E
ZnOo]| 7Fetol whet 4-210] 45 Ha7 24 FHiE Hole Yelozms A=
chE 418145 20 st @ Sn2t o] AFehAel o (sntt / Sn2t) WiskE delew
T Aok FAL AFRERET7E47(Sn0,), 27(Sn0)}] A2 2T 4= Q1o =&
P81 ATEIZ B s 1At RS 27112 4 9171 ThEolehSn® — Sn+
+2e7) [33).

Kim et al. .= -8-H

=l
o
)
rE
tlo

&5l ZTOS] x/dH]of W& Fx4], 3tet4], 47|
2 £40] gre) Baskeleh. SHA A7} S SiZn + Sn) H-&o] 04804
stelE] 9] o™, upr = 4.3 cm?/Vs, SS = 0.4 V/decade, V;;,

0V, Ton/lsy =4.1% 107—22 Byt A FEG HRo 2L 0] FrT 2]
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Bu= Aeg dHA oy ' .3 ol A4 35 Y 271 9] A A
A =M, il 2 9= e A Wil €2 =Y /S Hi(shallow-donor
(deep states)2 E2{Stct. o] HEtf X shFof 7H7k-2
AR 2= Axdz g7 71D 4= A = AL, Bfete] M

- —

O, =V, +2e'+ %02

99 23 44 RO Af Ao 94 mAE

Kim et al.& 2 §-7] s}st 714 Z2HH (Metal-organic chemical vapor depo-
sition, MOCVD)-& o]-85}o] t}ofst 2448 7174 ZTO Bhate] Ea8|4, A7 4 &
Aof Bl AFSHALE ZTO Erehe 7|3 21 400 °Co| A Z2F &) 9] 01, diethyl
zinc(DEZ, C4H;¢Zn)2} dibutyl tin diacetate(DBTA, C3Hp404Sn)7} ot 7} 4 A
DA ALEE LT, AR AA(0a)7t A H T £2 5 A
29172 600 °C] Lo A TAIZE Bt Mg o v, FHo] g 4L A
o)} Lol 2] 24N AL H14 A Afo] §A ik EE Al ThE A7 BEE

npzb7}A] 2 ofed ik 4 0] 2 AJH] 7150 1 5091 Bt A upg = 17.4 cm?/Vs, piyqr =



16.7 cm?/Vs, SS = 0.19 V/decade, V,, = —0.6 V 2 7} 953 A2 A2
ow, 1 Ao m=HHAE Fxo| A ofdl, T4, 44 LA BE7 H ]
3.0] 9= B 4ol 7] oI5l ket obedat F410] 50: 5002 PAH vreto
B o] A% AR 4R 5 97 oz Ageih fe] oAk
BRHXPS)E B 57+ 21 4k T3] WET} M e A

o, ofA A

of,
el

l

ol Ata 59 7k A ALY W E S 717 w2l
A d o] & (Percolation Conduction) WA Y=o o]} 7}A 945t o] =

=
HL 7107 AEsitH3E)). =

N
Z
o}
(i)
n
~
Z
(93
S]
o
=
<
a
o
o
2]
=
[=1
2,
=]
o
=
Q
=]
n
)
=
5
<
N—"
o
N
-

5k 23 E (sputter) A H] 2 ThaFst 24 8|S ZHs ZTO vhekg S2beha, o
He) L g gejste] £740] H7]4 EAL B7Her A7 9lek. Hoffman et al,
o A2 T 24u)8 2He s740] A E B o] §5te] ALl uletg 2}
o m(AARE 52 34 F AT 70 O A4), 2HHE %S
A HY2
(furnace) 1] o] 4] FAIZH 52T A= gLom, Th7] £917] Sfoll A 25 200 - 800
“C 7ol 4 @A |G 9F A AT Aot FYsA ofddat T4 0] F7k A
ol A 7Hg 945 24 Aol TEE GLom, AAe] L& 200 °Coll A 600 °C
M) LS FTHIASE TE8| AT 800 “Col 4] HHE FAT o] B
#5172l #|9let. 600 °C o] 5] A e] THgel Al Apo] Aol AuE F
910 24770 vtupe] uhd A S B k. 5, A2 &

o BEt Abg A B & F7HE UL, B Aol= 2
Ao 0.2 A o WAL H ol 57 TrETHE Zolth. 2121 800 °Coll A o]
A% ol 5= A5t AA-L ZTO vhuto] ] o 4 ThaA 0 & ghge] ue} o}

3

wol A uket 222 Mol Lolity] e Ao 4

Oll

2 AW ATHZn/(Zn + Sn) = 0.0, 0.33, 0.5, 0.67, 1.0). 2% &



Ao B xS FAR S o]-8Sto] ZTO 2/4dH] d uidf E-XAEHE
AlZretar, 4210) s B7HE AP A% Qo oty A9 AA| = di-
ethylzinc(DEZ)2} cyclic amide of Sn(IIﬂo] AHEE] Q) O ™, AFSHA| 2 = IpAFS A
(H202)7} AHEEI et oA 9 FAd o2 EdE57= g ofdo] 35 &45(Zn
69 at%(1Z1T) — 82 at%(3Z1T)) &22] Ad50] 7R == Aol =, 5
2ZF 22 120 °Co|A] 170 °CE, 18|11 £ & 28] L 250 °Cof| 4] 450 °C
2 Z7MASE B S A7A BEAAS BT S48 22 45 ure = 13
cm?/Vs, SS = 0.27 V/decade, I /I, ¢ = 10° - 1010). 2} & Wl G32] 1 Ak
of g &2 445 A Bl tisiA = A A Q1 Aol 71 g = o] Q1] o,
A2z Ad 2o Augel ot vl R At 4= okl 7heFe] Ageta

Ao, oot Hs A= tha ol A A 5] A B == {FH37).

2.14 H|ZA o= WA 9 F2 F A2 ¥t

ole. £3], tlal 9@ WE ZefA o 2L v me] whe Aol A 700 °C o 4o e
Y LES AR Y (R 42 B N THL AT A T4 BIEY
o U g A 52 Telslobut Sk, nhebd 2 Aol thEa gl 14
ATSHE WHE A S Thobs Bz A Rof 2 Al Fel S-851] sl 1 F 9H

1 ,3-bis(1,1-dimethylethyl)-4,5-dimethyl-(4R,5R)-1,3,2-diazastannolidin-2-ylidene
ZRapid Thermal Annealing
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o] 2= A E 12} g
Park et al.-& 100 nm 7 2] H]A 2 IGZO Eteh-& RF AW E] g A|AHS 0]

=
ookt 12 3 Tl 3k A4 A o] BHR-TEME) 3 A1
© 9] 24 S AGAEN) 242 Fo A7 16207 FHHE 2 B

e weke] s st 17189 B4 ulAE GeE sk Sie) 1620

ox,
)
rE
ol
tA
&

=

o8 £740] o5&} 11 - 15 em/Vsol A 2 - 6 em?/Vs2 F75] AsE et
Moo, PBS U NBS| E412] -9 w177 4} oiju] A Aol A ol w4 A4
F|9Irhs otk AR o] 5 & A5t @44L 1GZ0 vhete] e 75 ¥5HE S
Arjelie], dAe] L5} Z71E52 WE 7o) 714 T, W2 0] o] 2o AR

A7k o] A=7t S7hetel et A2} s e7t gastal, o]z Q18| o] =7}

0$

)
P>
&
Y
(o]
f
)
E>
O
rol
k)
i}
e
2,
2
>
rr
N
ol
N
a
N
—
—
S,
>
>~
X
lo
>
ﬂ
X
o,

[e)
600, 700 °C= QFA|ZF &<t X1ttt ¢FA Park et al. o] Ai}ke}t {-AFsHA 400 -
600 °C 72 v A Fx27F §2 5 910, 700 °Cof| A FE v oA 244
Fo 2 o] HM3to] TARE I 1131 400 °ColA] 600 °CZ @A 2] & F7HA

3High-Resolution Transmission Electron Microscopy
4Selected Area Electron Diffraction

SPositive Bias Stress, Negative Bias Stress

6X-Ray Absorption Spectroscopy
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q Park et al. 2]
0.46 V/decade,

IE
il

9.38 cm?/Vs, V,;, =0.59 V, SS

=2 Hsat
HeH39].
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=

I, 8
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Hfree volume)

Ik

o

74, on/off ratio 7+ A2}
7

o}
H

il

P
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%300 - 450°C Yol A e A] T2

s

o =3
= 52

j=1gs]J
o R |

H| A2 1GZO

o
—

Yeon et al.

12} E= Z9](electron-trap

ELl

T #9|(deep-donor states) 2

10
—

Z1
s

EE=

e

o}

o Msp7F A2 ARt o] 2o et

s

states)7} &L T F9(shallow-donor states) 2 x| o] M2} W7} Z7}

o

J_,NO
T
w_oT
Tod

_1_|
Nlo

s
__.A_l
Klo

_z_o
_

o
o
=l
il

o}

o]l IGZO7} otd ZTO
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bzl A

©

18] &% 750 °Cof|A] ZTO]

A %

/})]—Cﬂ

4 XRD) A7}

o}

=
1—

oF 2 o]

o] ZTO ¥fufo g H

)

2 1]49(ZnySn0y4) BA%

=
=

B4 ZnO A}
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7X-Ray Diffraction
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A 3%

=
2E

31 A% =3

311 AT FTHHS FXHZTO g 4%

B APl 943 ot w2y £ W 246 28o] old 93
ZAH(ALD)E o] alo] W44 ZT0 Adehe shrle} 2-e 2704 Z2tala
o}, ZTO A he 4215 F719] o] T o] 7H5T traveling-wave-type ¥-57]

(CN-1 Co., plus-200)°| 4] F-2F =] iTh. of A3} 4] 24 +14| 2+= Diethylzinc (DEZn,
(C2Hs)2Zn) 18] 11 tetrakis(dimethylamino)tin(TV) (TDMASn, Sn[N(CH3),]4, Air
Liquide Ah& AH&-GL0 5, A1 22 ©£(0:)& A8} 2EL N, 5 seem
7} 0, 595 scem& Zekxnp A Aejgto2a YAt o, 0F FE 280
g/Nm3o|t}. =55+ ok 22 7] H|(Ar, 99.9999 %)7} A7 W 44stA|9] M =] 714
2 AR EQI oM, 822 1200 sccm©|Th. DEZn:= AR
]_
B Rt 239 AAL 5o 5 °C2 FA fAHALE
o T2l ol2 it 7|49 Ego R ¥gY|E A glon, TDMASKY
AU2E LEE FEG 7192 7] 919140 °C2 f AR 71 LR T

ATA} ol 4H e ALD 37 752 Bo

29 B2 718e

A
o™, DEZn2] 7y A~
™ TDMASn<L 50 sccm

|0

A BR 2H 71A] glo] Hiev2 HEE 4 U=E

¢

—_

2% 772 Algste] 250 °Ce A
=] QATH41)[42]. ALD 7 o] 7] 9F 12 oF 34 mTorro| ™, 574 =22 1.2 -
13 Torr 33 Wl A A% 91ek. ZT0 AEEHS 100 nm 57] Si0; uha} ]0]
A E2 9™, Si0ye el glo]HE & 48kthermal oxidation) A7) 24

FAE QI ZTO Z2+e 19 B} Zo] Zn02} Sn0,9] A E Afo|Z 2o =2
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3 3.1: ALD ZTO Z2} 2 A o] A= A5 27

&

Conditions

AolZo] A4 vlg-e 2ATO A AolHet. AR 74T ALD ZTO

A-S Ae)etd # B0 2t

Value
Deposition temperature 250 °C
Working pressure (average) 1.25 Torr
Substrate 100 nm Si10,
Thickness of ZTO films 20 nm
Feeding method bubbling (Ar)
Sn[N(CHj3);]4 Canister temperature 40 °C
(TDMASN) Carrier gas flow 50 sccm
Purge gas flow 1200 sccm
Feeding method Vapor-draw
Zn(C2Hs),
Canister temperature 5°C
(DEZn)
Purge gas flow 1200 sccm
O3 concentration 280 g/Nm’
O3 0,/N, gas flow 595/5 sccm
Purge gas flow 1200 sccm
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Pulsetime: 0.5s-3s-3s-10s 0.25s-10s5-4.5s-10s

TDMASnN -] — Z — -I

m x Sn sub-cycle nxZn sub-cycle

Time (s)

1 super-cycle (mSnZ)
719 3.1: ALD ZTO Z2 ZA 0] WA X3 4=A]

3.1.2 Hfe} ERRRAH AZ FH

2 AFNM ZTOE Ad et o & 287t Hiaf EHAAE O] A2t 574 A
at7] 2.2k om, AN g 22 thgu Aok WA BAvt s ER &
FH pg A2 7]Ho] HF Ao E(bottom gate) = AHE-E Lo, 11 A Holl=
Aol 34 0 2 A7 AIZ1 100 nm 77 2] Si0, =4 o] Ao E HAA = AM-H ATt
5oz FHANAN FeFs] AP0l AA5 S22 o83 20 nm F7| 9]
ZTO Hfuto] thefet ofdwt 4 9] F v = F2HE L2 ™(Sn 13 - 75 at%), A
g o.e 1 E 4181 (photolithography) W AA] 217} ZA4-S Bl A=t

A

788 B ) 2| 2 E (photoresist)i= oML §9o] 105 52t 2 F A A |90
15| el Holgls A7) opilE 12 o] gste] 7jZo] A A F k.

!Inductively Coupled Plasma-Reactive Ton Etcher

s

20



O
=

i} ol 217} 20 um 9} 5 pmolck. ok

v
Hr

o

Jl 100 nm %7 2] ITO

s} 9l

%

I REEER:

hof] A/

&

U=
=270

o2 7ZTO A

T (lift-off)

ZLE @

f

T
=

5

A=

oy
Ho

~

o

T

tollA] 350 °C, 1 A]

S

=71

FH = 7]

IR B

1] 9l
A th(post-metallization annealing, PMA). ©]

s

&

A Al

=1
o

& 722 7hA0], ohAjer 2]
=] et
2] (post-deposition annealing, PDA)

]

Z

gl A=l Aol 9

o, &AA/E

1=]
T

5t

APl EZ}

%

2

1

S IO fRF O AT 25 500 - 800

844 ¢k

3

5= PDAE A

Al

?J_

==l
o

st A 147}

29)7]

Flom, t7]

2 AH|Z 0§

R

53

PMA}
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1. Gate insulator deposition 2. Channel layer deposition 3. Post deposition annealing

. 2110120 nm| Z10:20 nm|
Si0, 100 nm Si0, 100 nm Si0, 100 nm
\ p™* Si (gate) # p'* Si (gate) ~ p** Si (gate)
- heavily doped p** Si (gate) - 20 nmALD ZTO (Sn 13-75 at%) - PDA: skip or 500-800 °C for 1
+ 100 nm SiO, (thermal oxidation) hour (furnace, air ambient)

4. Channel layer patterning 5. Source/drain patterning 6. Post metallization annealing

Bottom gate, top contact g

ZT0 ITOSSZIONN ITO el 0 )
S0 1091 $i0,100 nm $i0,100 nm
P Si(gate) ﬁ ﬂ  pesiga)
- ICP-RIE (Ar/BCla/N,) + PR strip - S/D depo. and patterning - PMA: 350 °C for 1 hour
(acetone gun) : 100 nm sputtered ITO (lift-off) (furnace, air ambient)

7t elolobs.3t sk B
2 selstie. 19 B30 25

dlojob2, Wk @n|A, o3 FAF A Anl SAolm, she oA & 4 )

i)

o] Bx 7k eloh) thH] AA|gke] 2F 97 % oY ~=0 2 BRI -GASHA
AL SAstglch R Bt Ao A e R Adf A%

22



Item Unit Layout Optical microscope Avoraqo T e davices

W/L= 20 im/ 5 ym

Top-view images

S/D
electrode

@ Channel width | m 19.4 (-0.60,-3.0 %)
@ Channel length ' um 4.9 (-0.12,-2.5 %)
Widthflength ratio | 4.00 ' 3.97 (-0.03, 0.7 %)
® Junction overlap | m 5.0 ' 4.9(-0.10,-2.0 %)

.

%13.3: A2 ZTO vpar E 7] A o] AR ol u] 7] & A& (HZ R lo]o}
S, st @ul A, 19 1 24 A7 A

Q1o A% B} wobd g2 7195 )

313 24 e 9 4% 5 32

dhat o] T 74 = variable-angle spectroscopic ellipsometry(VASE; J.A. Woollam,
M-2000)& o] &-5te] 2] gict. 2] Hhae] ofel, 4] ZAu] B W WEE
X-ray fluorescence spectroscopy(XRF; Thermoscientific, ARL Quant’X)© &2 =7
) Qitt. viato] W& = 31015} 7] 93] X-ray reflectivity(XRR; PANalytical X’ Pert
PRO MPD)o]| A =43} go]E]S 7]¥H0 & PANalyticalo]| 4] A]Z5F= X Pert Re-
flectivity A|Beo]H X2 TS o] §ato] meg ATkgre ALgact. 12l

3171 9lal Aetisti wEA] 5 @742 scanning

B\

dial g o] e E $Hel

— 1 1 1=
electron microscopy(SEM; Hitachi, S-4800) AH|E AF85}9 oW, 7140 & vt
=
[}

ore] 29 94 2 AE7E 5] s Aedista AaA 35 A4 A=

23
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A MlE] 2] atomic force microscopy(AFM; Park Systems, NX-10) AH| & 0]-85}

i

it vtato] AH Sl = grazing-angle incidence X-ray diffraction(GIXRD; PAN-
alytical X’Pert PRO MPD)& AF-&5to] At 18|31 ZTO Bhate] 7lj2]of
BHS, F 5k, HIA R, & ol F=E H7EsH] 9o Aoty WA 35 A4
o] Hall effect measurement(BIO-RAD, HL5500PC) ZHH]Z o]45}¢] =& 51c}.
A ZFst vral € 2 2] A o] At D EA-L F7}s}7] 96 semiconductor parame-
ter analyzer(Hewlett-Packard 4155B)7} AFR-E] 9 th Al-e @ ¢FA] S of| A Ao E
A% -20 VOllA +20 V7E2] 0.2 V ZFA S = QIZFSH AL, AA T Tk E
(ground, 0 V), 712]31 =81 ©xp= AY 7k 23} 174 dfsff 2H2F 0.1V, 10

£ Qlskstel AR-Ad AL A

ERHRAE A FA% 22 A5 5 52 2 2ok 29 A4 V)
2 ViZb10 Ve o I, = (W/L) x 1 nA
Aq A2 Z3} 7RO AA Bt ol F = o2 A G), B)=FE FE5
At (uree AA &3} oS, pue= E3} Ol F 5k, Copr & T WA o At}
AR 2, WeF L= A'd o] Z3} Zo]& ojn|gitt.)

w 1
Iy :.UFEC()XZ (Vgs_vth)vds_ivdzs (3.1)
1 w
Ids = E,usatcoxf (Vgs - Vth)2 (32)

sl
i
r>~l
A
o,
o

5} 7]-& 7] (subthreshold swing, SS)+= =& Z ¢ o]s) G Hof A A

T2 10 5 271417171 S15) WA AolE W] MateFe ujsh, thge] 4

Wy

85 = d(log1ys)

(3.3)
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AZ el oF A Abef o] 7 H](on/off current ratio, Iu/Is )= Va7 10 VE
o 1550 H S HAZHo 2 Ui gholt}h nfxjato 2 AA/E ol A3} Wi
Aol HZE AFL 7|&£of da] A transfer length method(TLM)-S ©]-85}0] 3
Egich TLM €2 19 B o] 24kt mope] vhizA] & gie] o] 29

A= 740 7+ AL ] wi A g o 2 K thokst Al d Adojoq s 2= ARE AT

Riot = = = RanL+ Ry (3.4)

10

_ 1
v

(Ll Ta | k—d— k—adq,—

Ry
Slope = Ry, /Z
2y

0 d

f—=—f

M
o
2L
ol

719 3.4: Transfer length method(TLM)9] &4 13 9 M= 7HA of ot

T E(LuFAQl £=2]: L =50 um, W = 100 um, d = 5 - 50 pm) [3]
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BENRRRNEEE D

S/D electrode

7 358 Aol 4 TLM 2] ALg¢ wl o] dlo]ob % (254} ZTO Ade,

FA:1TO A=, A2 % 100 pm, A'd o] 5 - 50 pm)

3.2 ZTO¥fupe] 324 574 ¥71 4%

at%(1S2Z), Sn 26.4 at%(1S1Z), Sn 40 at%(2S1Z), Sn 52.5 at%(3S1Z), Sn 66.3
at%(5S1Z), Sn 76 at%(8S1Z) o]t} 2 ZAH|o|A Z2F & A L= tf7]
22171 stell A 1417 5<F 500 — 800 °C kel A] 100 °C 7HA 0 & o] X13)
Shel o, T1of wpE ZTO Hhute] 22 E4] ¥isto] tiof 1zt A= vt
2t

.th e

321 AW, A9 25, vt U

WA 2 AH2 AT ZT0 vhate] R xAu] Watel] ths) st
%AW XRF2 24519 00, 1 A7 19 g7 2t Sn 16 - 76 at%o] o]
gl mE 2 A Qo] A4 500 - 800 °C F7ke] & A2 F 24u] Wk

1% ol $E02 AP SAHYCPNE 7 AT U 53 AE 1 5F),
2=l W2 A B3 BEEA goieh. 3, ZT0 vhuto] Z2E o) Fol F4
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31 o} 1 S
; Q vhak ] 2 X AJH] W}
AL 574 o] o] oA Tf 2t 800 °C o] 5}o] 2 7ol A= Hhef f 2 2/4dw]
041011;].]0 ]Q/xo]g_ [e) ]. 1;].
glo] €5t FAE 4= A A2 AR HT
(a) (b) (c)
o 10 o 10 1.0
= 09F 1 = 09F ] = 09fF q
anﬁ'_"_'_‘_' 1 Eug, 8| Eos, 1 +Zn/(ZT‘I+Sn)
o [ | o [ - ——a | o [ ]
£ g; 2 g—; 2 g; —— Sn/(Zn+Sn)
= 06 1 £ 06 1 FoRLL] O S
= 3 ——ZniZn+sn) | c r = ZnEnesn) | £, [ q
@ 05 —=— SWEZn+sn) o 05 @ 05
2 04l ] 2 o4 ey 2o4f w—=—s—a—u |
8 o3l ] S oal il S o3l ]
o o —a—a e o
= L ] ] E q = + Zni(Zn+Sn)
Eoaf—=—=——] &o 5 ZEas
z r 3 -y 3 b [ 3 ZTO (20 nm)
0.0t | L | | 0001 L I | L 0.0f 1 I L 1 | .
Asdep. 500 G 800 G 700 C 800 C Asdep. 500 C 600 T 700 T 800 G Asdep. 500 G 600 G 700 C 800 C SiO, (100 nm)
PDA condition PDA condition PDA condition Si Substrate
(d) (e) ®
o 10 : o 1O 5 10
B ook Bl B o
3 [ s °r 3 [ +—a—a— 1]
Sor| ] Sorf Sor| ]
Zosf ] S os Sos| ]
= [ =4 Zni(Zn+Sn)
g 0sf p——=a=—g 5 01 g o05f < os| =2z
g o4f ] 2 04 ] S ol —=-snizmsn) |
[+] o o
S 03 303—' e S 03 1
o - - 8 —8—a
€ 02 —a-ZNEn+Sn) g 02 —a—Zn/(Zn+Sn) € 02 B
So1f —&- SnZn+Sn) ] So1l ~— SniZn+Sn) ] So1|
< ool I L . I < ool L I | L < ol I L 1 I
Asdep. 500 T 600 G 700 'C 800 C Asdep.500 C 600 C 700 T 800 T Asdep. 500 T 600 'C 700 ' 800 C
PDA condition PDA condition PDA condition

1% 3.6: ZTO Hhato] dxja] 5o w2 ZAIH]: (a) Sn 16.4 at%(1S2Z), (b)
Sn 26.4 at%(1S1Z), (c) Sn 40 at%(2S1Z), (d) Sn 52.5 at%(3S1Z), (¢) Sn 66.3
at%(5S12), (f) Sn 76 at%(8S1Z)

32 52§ A2 S AYobA] k-2 AFefoll 4] ZTO dtate] x/dv] ¥ 2
A3t 2 Hrlsh7] 918 GIXRDE =43 Axfo|t}. 13 3.7/ 4w ¥ H Sno| &
=] 2] &2 ZnO o] B A Hrato| A= S Al -2 x}o] E(hexagonal wurtzite)

20 AR QAT 2

i
=
%

n 16.4 at% <1 274 ZnO (002)
I Sn =571 20at% Hof =2 317t
LEFH 0™, Sn 76 at%7}A] B] A
2 =2E9] Autet Zol[31)], 284
Z9] ZnO o]/ d&A =4l SnO, Ato]Zo] Z7te5 7 2] 712 Z(long-range

orden)7} 74 o] Wt AR A A AL AREE Ao B 4 gon, 7

27



AL o2 Sn 20 at% H-2ol Ao 2 mehEch

ZnO (002) Si substrate

A L
As dep. (no PDA)

Sn 76.0 %_|

Sn 66.3 % 1

- Amorphous phase
Sn 52.5 % (Sn > 20 at%)

Sn 400 % |

Sn 26.4% |

il M”‘“"wﬂ«wmw’. .....

Sn 16.4 %-
\Sn 0 %(znO)]

Intensity (arb. unit)

Poly-crystalline phase
(Sn < 20 at%)

70
2Theta (degree)

1% 3.7: ZTO vrare] ZAH] ¥ GIXRD 23} (2] 1))

a2 SHA ol = ZnO o 24 2705 A et v 2] of A 7F2] 240 H]
ofl A A= 2]E 500 - 800 °C, 100 °C 7+A 0 & Lp+of ZI3fgt & GIXRDE S4 7t
ATto| 1 B.8). (@) A (HE Z4Z Sn 557t 16 at%o A 76 at% = Z7 5=

FolH, 1= oA 71 ool x|t A2 A2 I n] 7=g 4
A F2Mo A 22, s, st o 7 28 500 - 800 °CE dA 2] &
L7t F7Fehe Weldh. 18|l 284S 85k A5t ZnO= ¥l ¢, SnO,
= A2 ¥, ZnpSn0O, A
JCPDS card?] JHE o]-g5to] BAstHct WA A5} 2= P oA A u
Sn 16.4 at%+= G 2= 3Y5HA] &L Ale]of A (as deposited) ©]n] n]eFsHA 2
g3t= o} lom, Sn 7t H3F S7dE A8t 2=7F 500 °CoflA 700 °C

2JCPDS card: ZnO(No. 01-080-0075), SnO,(No. 00-041-1445), Zn,SnO4(No. 00-024-1470),
ZnSnO3(No. 00-052-1381)
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EN
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X
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Jo
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)
o
|m
EN
1o
N
=
o

et o Anjdl Lx 0] Zn,SnOy A A A o] o

3
ol
ox,
A,
2
o
A
N
—
o
o
o
oz
Ex
ox,
)

o] 7}7+S Sn 26.4 at%o] A= o And L20] 7
Tt AR SV S ZT0 A2 AR 1 FEY H29] Sn0, A7 /d0]

SRR FERE

(a) , (b) ; (c)

o~~~ -]
NN 3 S o
S58F 3T
PD[Affj; 1 nder air Ii : !
hy |
= gl p foB00t] = =
c O% | c c
- Y f =] -
g '_*-u::. Ji o700 T g g
© H © ©
~— & ~— ~
s M:»:“"" b\, 0600 T = =
‘B | 4 @ ‘©
; , e, 500 T 5 E
= ||As-dep | = =
P 1A I T A P L |: R T P I P I PR 1 I
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
2Theta (degree) 2Theta (degree) 2Theta (degree)
(d) © 4 ® 4
o =—o -3 ©oc¢ o = o =3 o=
b oo i - O - oo -9 -0
T Ty NG e T = 4G5 @
T T T T T T T 1T ¥ T 1770
-PDA for <hr under air ; #PDA for 1hr under air
i FA | i I |
Q E * > & % 0 T ;E:-
5 5 wocl| o
g g : g
= ] s
= = 00 T =
2 2 s0c] 2
z & L
=4 s =
- " - As-dep -
1 | 1 | I (I P A |:‘ Pl TR P I WU I BT | 1
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
2Theta (degree) 2Theta (degree) 2Theta (degree)

% 3.8: ZTO gjare] 28] ¥ dx 2] 2L of whE GIXRD Z¥}: (a) Sn 164
at%(1S27Z), (b) Sn 26.4 at%(1S1Z), (c) Sn 40 at%(2S1Z), (d) Sn 52.5 at%(3S1Z), (e)
Sn 66.3 at%(5S1Z), (f) Sn 76 at%(8S1Z)

orA Hoj& ™ GIXRD A3 ZTO vhete] Ao 2 A3t 22 1
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T 2 A5 AHOlA oln] AAStE ] Jlenr & IAP 2k 7|E
o2 Uehd 2 Ao A AAI} L2 0 °CE EASHTH R Sn 100 at%

% Sn0,9] 7-¢- TDMASn 4|9} @ & AFSHA| = ARES 7|& 239 2
TS FFESFATHA2N(E A9 DA 2 =5 250 °CoflA] 2138 .

Crystal structure Zn,8n0; (cubic spinel)

after PDABOO C (wum’ SN0, (rutile)
G 800 —T T 1 T T
Sy —H— Experimantal results
o 700 —N—a - (based on the presence of
= N XRD peak after PDA)
*(G 600 |- L] -1 —l— Based on existing literature
— A}
[} B 5 -
& 500 ] :
é 400 | -
-~ [
c » % -
o 300 \‘
® 200 V-
N “‘
© 100 | -
e \
s~ | Already crystallize
[ A |-¥ Alread tallized
LE)" 0F -—a | i : f- without PDA

0 20 40 60 80 100
Sn-concentration (%)

A2l 2= 7]%0|™, 0 °CE]

fe=]
37 EA2E AYsHA] g2 A olA] ofn] 2 ek -l sl

7% B9 A7HE AHEY Zn0, $n0; o4 A Bo] B&Eo] sdehs
o] 234 HA7HE4E FAY FHEI} P2l net WA DL B
48} w7} F7keke A} PR, Snd0-65 at H20] S+ 24

=
Hol A T 700 °C 2] 1 8 A LE(Tx)7t BAE T Z, obelzt
=

F40] 243017150 : 5000 7Pk F3F 2Aulel Al B4 A4S Foh Aol
%2 olfit SEAO|E A4 FEE /4 200, 1811 Fe1Y Y FEE A
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Hzoz sfidd 4= 2o, o] dirA oz uiAd ttokE HEA|o A x4

& rg A StH 51| 5 T 2 A AFSHE(multi-component oxides)-S Z]-8-5H=
o|-fofl siFztct. o]ef o] |2 2= FHollA HAFE = A5k flsiA=
QAT ZT00] 24d0] L FE 1, 7 ZAJH]= Sn 40— 65 at% 5191 Ao 2 Ata g

ZZ M= ZnE 3t APl 2 AASEAL Sn A H APo| S5 10| 8 Afo]2 &

)i

=
S 2A4H] Aloj= AsHst 2 dhof] 9121th(Sn 26.4 at%(1S1Z), Sn 40 at%(2S1Z),

Sn 52.5 at%(3S1Z), Sn 66.3 at%(5S1Z), Sn 76 at%(8S1Z7)).

H 3.2: Sn0, 9} ZnO A B A}o]Z9] Z2-g(growth per cycle, GPC) H]| 1l

Sub-cycle SnO, Zn0O
Thickness (A cycle ™) 1.56 3
Mass GPC (ug cm~2 cycle™!) 0.07 0.12

Atomic GPC (mol cm 2 cycle™!) 6x 10719 1.8x107°

12 A9 4 Qe 1S1Z 27 0]

o] & 215}] ZnO £} SnO, Zo] HZro} 7}H A

il
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A 710 el AgAe] E gelomt Mud Fe B ARE 5 4 gt
Zn0S} $n0; o] Mot F2 o] utet 54 Geo] 54 YAt §EHA g

7] W2l ZTO 2As} e o2 dojd o]59

= &
= T
S22 A04 Zn0 Ei= S0, A0l AAF FAEE FHAHA

30
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© 2 YZtErt o] F Sn 26 at%(1S1Z) 7]E 22 Sn &7}
Fioll A sn0, Bel4t @4 0 2 skEl9

9 1] o] Z7}ate] wfe} Zno} Sno] B2 4o] A
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ltem Snatom%| 0 | 164 | 264 40 | 525 | 663 | 76 | 100 |
Supercycle | mSnZ | 0S1Z | 1S2Z | 1S1Z | 2812 | 3812 | 5812 = 8S1Z  1S0Z |

m 0 1 1 2 3 5 8 1
Sub-cycle #) n 1 | 2 1 1 1 1 [ 1 0
0 [ (—)
(wurtzite)
Crystal | Zn;Sn0x e
phase | (cubic spinel) | 1 | I
SnO; [
‘ | (rutile) | 1 1 ‘ 1
Thickness per Zn 30 | 6.0 3.0 3.0 3.0 3.0 3.0 0.0
| asuper-cycle (&) Sn 00 | 16 16 31 47 78 | 125 16

Cross section
of ZTO films el | -

(Total thickness =20 nm)

2] o] g HE tir] A2 =5 500 °ColA 800 °C= F7HAA45 AA

1

Z} I (critical angle, 6.)7F 9522 o]Fsh= d4do] Wt XRR 57 23
2 g}

AN GA Zh== Bhet o] Blshr] wEe] a2 A2 E 13

Sk
=T T
Wt Fobshe Ao sjdd 4 QLo niEd], A g deld L2 1Hg o] g5}l

Z7bshe ko] TR, o] Zn ] S| Aol oF 18 W] 7] RO
TETH A Sn 1187, Zn 65.38). T 0.2 AA | L1 Aol ohe et
o] o] ool M AT AR5 L8 Brp 3 dodo] AL vuke] WE s}

[e:



9

stth7F 600 — 700 °C

5

234 371

T

Tk
N
Klo

oA

A Bl A2 mehs,

°

7

=

[}

]

6

=7} ge A% 7271

A A
2]

L
1—

712 4t

=S
1—

o)A vhute] W

ol FH9IA

—

SF

S

1)

B

olo

I 5 800 °C 7]
A W=

1
—

A
Aol

o|
(S

RS 7=

Z k=0 Z
S| =EY

P A Ha

o] A& &5

gial
-1

AlZ1 ZnO2} SnO,
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—
~—
—
(=}
=
—_
(2]
~

E * T T T T T T T T T

=] E =] =]

A 5 &

2 [ ——Asdep. 2 | ——Asdep. = ——As dep. \

@ L —500C @ | ——500C @ | ——500C \

S FE———600C & —e00¢C 8 [ —e600cC \ {

EfF—0¢ £ —700¢C {1 £ —700¢c i
800 T 800 C 800 T
1 " 1 L 1 i 1 L 1 1 " 1 " 1

025 030 035 040 045 025 030 035 040 045 025 030 035 040 045
Incident angle (degree) Incident angle (degree) Incident angle (degree)

A
a
=
_
£
_
=

Intensity (arb. unit)
Intensity (arb. unit)
Intensity (arb. unit)

F As dep. As dep. F —— As dep.

[ —s00¢C / ——500TC [ ——500C

[ —e00C /] ——600C [ 600 C

| —700C —700C —700C
800 T 800 C
1 i

800 C
1 R T PR R RS

025 030 035 040 045 025 030 035 040 045 025 030 035 040 045
Incident angle (degree) Incident angle (degree) Incident angle (degree)

1% 3.11: ZTO gruto] 2 A8 ¥ d 48] o] i2 XRR B 7} 27} (a) Sn 16.4
at%(1S27), (b) Sn 26.4 at%(1S17Z), (c) Sn 40 at%(2S1Z), (d) Sn 52.5 at%(3S1272), (e)
Sn 66.3 at%(5S1Z), (f) Sn 76 at%(8S1Z)(A Az H5+S Bels}r] o)5) glAtzto]

e o S

» 2 A2 ety



70 I L I L] I 1 I L] '
| —m— Sn26.4%(1S12) A
6.8 | ®sn40% (2s12)

-0 "~ sn 52.5 % (3512)
"l Sn 66.3 % (5512) .
6 6 |-—m—sn76%(8S12)

6.4

6.2 |

Film density (g/cm?’)

2.8 | =

5 . 6 | 1 | " | A | 1 |
0 200 400 600 800

Annealing temperature (C)

1% 3.12: ZTO vhako] 24u] ¥ dxa] & o] uh2 uhal 9

o1% % o WetshA Al R7] 95 19 Bk 2ol ZT0 wate] 2 gulo|
ohet ¥ete] WS Zn0, ZnySnOs. $n0, A o] & Wi e} g7 Lhehglow,
7} 271 82 o2 WE o] AY A= W EE AET Ff W= ghe B

Z1Asheeh. T W e Avke dxee AdetA) ohe 2ol e,
oz |

o

Rl o B 442 dxa] &7} 500 °CollA] 800 °CE Z7}sh= Hhako|tt. 3]
Ao zt=HE 2t 2 ZnO, ZnySnOy, Sn0y ZAA 0] o] 2 WL & ofulsin, 3
A= ALl o9 o] 20 M= AAgtIte] Al vl s dole] HA
o8 AZASIAL). o2 WS 7]F 0 & Zn0, ZnpSn049F -GARE 240, 18] 1



AU (B2 F=E(porosity)) AFo]= Holz] &= A Ho}
Ato]Zo] Sz 20] & of HAFE 0] Qe Zlo g woEH fEof ghete] |
T7F Hobe e g Yio| EAfjste Hl F1to] A, 12 A EAM L2 RE

2oL AF 2o 5 9SS ulshy] thRo] £ Aol ALE e ARE
g
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12T T

70 i ® gggorr;etical density of crystals (?u";ﬁ;z}._'

- ——700C s

s~ 68 Fpsooc ul
= L —@-500T o d
e — Asd Nzony i —

O 6.6 i i P imbie phigssl / B ..
D 64} 24— 1 ¢ i
L /-’“’_ e, O ot -

2 62[ ’ : e d
) - 1
S 60F e i
n - ’ "’ =
_ ZnQ 7 s

c D4 ey :
— & -
s 56 e, ]
54 (@ —

592 I TR RPN BT ]

-2
o
o

0O 20 40 60 80
Sn-concentration (%)

79 3.13: ZTO vfuto] z49H] ¥ A7a] Lo np2 et w

I 3.3: ZnO, ZnySn0y4, SnO, 24 0] o] 2 U

ZnO(wurtzite) Zn;SnOg4(cubic spinel)  SnO;(rutile)

5.67 g/lcm? 6.43 g/cm? 6.95 g/cm?
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¥ 3.4:Zn0, ZnySnOy, Sn0; AR 0] o] 2 Wk W AF Wr g A3 A U
PDA ZnO Sn 26.4 at% (1S1Z) Sn 40.0 at% (2S1Z) SnO,
e HR Density  Relative Density  Relative  Density  Relative = Density  Relative
(g/lem®) density (%) (g/cm’) density (%) (g/cm?) density (%) (g/cm?®) density (%)

As dep. 5.42 95.6 6.04 94.0 6.13 95.4 6.52 93.8
500 °C 6.05 94.1 6.29 97.8
600 °C 6.06 94.2 6.30 98.0
700 °C 6.30 97.9 6.41 99.7
800 °C 6.30 97.9 6.35 98.8

322 ®W PS5 B4 (SEM, AFM)

ZTO vtuto] 2/du] ¥, ng dA e #5 8 B S A7) 95 A4t
22t @u|7(SEM)S o]-g-5te] Brletglet. AA1 2] & 500 - 800 °C 7+ Al
71 2 800 °CE AEste] AAE Wgo] ME A AL HlLsuAt st
o} WA ZT0 ¥k S244 & G422 Aot e 27S WA AnEeE
At} Sn 16.4 at%(1 (2))9] Zn7} EX 3} ghato A= oF A o] GIXRD
At A ZolE 9% 0] (002) o] ZnO A A o] FAH | upe} A A PHF2 o
2 oF 10 nm 27]9] #9452 7E50] WEE Uk olF Sn FE7} 20 at%
B} o 2 A A (2™ B.14 (0)-(k)) GIXRD Zxket Zro] A7 oA v 44
2 gkl vat Resle 5y G4S 2k A0 AZE) theo 2 800 °C
oA 1 A7 5t AA e A5 AH EH, Sn 16.4 at%(1H B.14 (b)) A= 1
& dA 2 Bl A A g7l o] Fol el whet B A4} oF 10 - 50 nm 2719
AR YEo] T AT 121 Sn 26.4 - 52.5 at% o) A=(TH .14 (d)-1)) 72
9] ®eFL] ZnaSnOy, SnO, A 50| A3l whet thedet 2 7]9f HeFo] th2 7

EEl

o,
Jo
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(a)-Sn 16:4 at% (as dep.) | (b)Sn 16.4 e_at%' (800 °C)

(c) Sn 26.4 2t% (s dep.) I (d) Sn 26,4 59 800<C),

.(Ee) én 40-at% (as dep.) -(f) S.n .4.0 -at% (800°C)

(g) Sn 52.5 at% (as dep.) Jl (h) Sn 52.5 at% (800 °C)

(i) Sn 66.3 at% (as dep.) Il (i) Sn 66.3 at% (800 °C)

(k) Sn 76 at% (as dep.) [ () Sn76at% (800°C)

Z17 3.14: ZTO Hhehe] /g H] | 800 °C A= 2] 1 of of F-of w2 SEM ©[n|A]: (a)
o4 (743 ZTO ¥at 1f Sn =7} Z7hak wrgol o, 112 e 22 5
1] %138 (as deposited), ¢-= 2F-= T 7] 29171 Skl A 800 °C, 1 A7t 5-¢F A4 2] ¢
Z7AY. AAY ¥= 200 nm.
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W FA4 Bt ofyat ZTO ghute] AAY|E &Rlsty] o 24du]) &, 4
A 5 22 924g du|F(AFM) B2 AdstAck ™ B.15). £2 F 4
S AYotA] ¢ XAFE AnHEA =7} 40 at%ol| A 66.3 at%z =

Z2Fon, o] 7]& Kim et al.2] MOCVD ZTOo|| T3t Aol A 2AdH]of u}
€ 7127] 9} AF FASFRHO). 22| 3L ZTO Hpato] sH59l & Ahetato]
AA7)7F ek 0 2 thgk 0.2 - 0.25 nm =39-S 7o [E4][45] 2 1Lo]| A]
AAE 2 0 2 47471 ZTO Hhdho] Bl w2 oF et A7 E ZH= Aoz A

at%, Sn 66.3 at% 2] 7 A 2] u] AP Z7A tjv] & 2}o] glo 1}, Sn 52.5 at% 2]
749 A2 717} 0.46 nmoj| 4] 1.02 nm=Z +0.56 nm =7} 0, o] ExE HH &

A2 o] (1174 2) v A 22t A o] U E o] A Bloj Lt 800 °C AA =

Fo (@R Fol7h 3 e APEZ F o RS 2ol AT Byl
A 2L AE T2 M)A SHNE FAG ANE B0, o2 4t A
=7 4] BA7} obd AA| sruke] B4 K540l B8 A0E B e
A o1 S HBAA Zosk Sno] 50 : 509 7k F7E 2AHIE AHISE A=
ohE Wit A% TEE 2 Tk 23450 @ 948l uet A2 e
g0l BEES 2t ATl A 1, o] 2 Q5| EAY AL} F71R
& ol9le Ao 2w

3 3.5: ZTO vhato] zA3u] ¥ 800 °C @A 2] o] Hof| w2 AFM 72 7| (RMS)

Sn at% (mSnZ) Sn 40 at% (2S1Z)  Sn 52.5 at% (3S1Z)  Sn 66.3 at% (5S1Z)

as deposited (no PDA) 0.74 nm 0.46 nm 0.37 nm

PDA 800 °C, 1 hr,air ~ 0.75 nm (+0.01) 1.02 nm (+0.56) 0.37 nm (0)
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(b)

nm

[ o ~
EE————
-

—_— o - " ‘ _,
° — e —

o 12 = 12

z T salo % fspen. g

8 10l —soqonroaso ] B o0

E os| E os}

1= £

2 08 = 08l

= =

= 04 < 04

5 5

2 o2f 2 o2}

E E

3 5

£ o0 € o0 :
-2 4 -2 4 -2

v 1 2 b 1 2 T
Z-height [nm] Z-height [m) Z-height [

Bl Asdep. l PDA 800°C, 1hr, air

1% 3.15: ZT0 pute] 24u] 8 800 °C AH 2] 118 of o] W ARM 2] of
1) 2] 9 o] F A (a) Sn 40 at%(F A 2] 1] Z13Y), (b) Sn 52.5 at%(F A 2] 7]
Z15Y), (¢) Sn 66.3 at%(G = 2] 1] Z35Y), (d) Sn 40 at%(PDA 800 °C), (¢) Sn 52.5
at%(PDA 800 °C), (f) Sn 66.3 at%(PDA 800 °C), (g) Sn 40 at%(&*]2] /%), (h)
Sn 52.5 at% (@A 2] /%), (1) Sn 66.3 at%(E 2] /%), (A0 Z7]: 2 yum x 2 um

(256 x 256 pixels), =°] AAYL: -2 nmoJ| 4] 5 nm)
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E —
3.3 ZTO 4kl M7 & E4 @71 4+
A |7tA] ZTO Btate] 2/du] 8, A2 2k ¥ 24 E4of o HmH
ATt o]l Aol A= ZTO vhuf Wt ofuy e} oFAf 2703 A2 A2t 342 A A A
"= ZTO dhel E 2 2] A B (thin-film transistor, TFT)2] 7|4 EA H7} Ai}o
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B ZTO (channel)
B ITO (electrode)

« Channel area:
140 pm X 140 ym

» Electrode overlap:
18 ym X 18 pm
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T1% 3.20: ZTO TFTO] 2o} Y R4 oriE 358 Sn vk ¥ 73 A<}

AZ Aol A o] 257 E4: off current, on current, on/off ratio(I,/I,sf)
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23} £ 2/2E Q) A2 Aol o] U AgFo] Sn o] ket Fetrick A o
2 w8l 1o} Ade) Aol e upek EdA A oA sn 55 W HE A
3 Afolof T2 $8 o] 5% W7} Falo] YA 5 9tk WhekA o] AZs]
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Hall mobility Field-effect mobility Remark

Test
pattern
Channel Ch. length
WIL 140 pm / 140 pm 20 pm/ 5 pm < 1/28
Electrode 18 um X 18 um 20 pym X 5 pym
O/L (324 pym?) (100 pm?)
. Hall effect, Gate-induced charges
Extraction i
visthed Lorentz force. in the channel, g,
(bulk-sensitive) (interface-sensitive)

. Ng n (>ng) Mee can be
Cam_er (in thermal (under strong charge higher than
density e ;

equilibrium) accumulation) M

0% 322 B ol SR} AA HI} ol BT 57 B 4] Aol

Si0, 100 nm
p** Si (gate)
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7 Z(Schottky contact)& o] Fof W} Alo|E o] S/t 45 L E7| 4
8 7H(Schottky barrier lowering effect)7} H 92 4 9J-& A0 2 o= ctH4g]]. 18]

AL R7HA FEE Y M2 HS APl sfdshe y2He

-

Aago] FAsH F7HH e, F Ao A H=E AP o] ZFAok= HE(Rea/Rior)©]
St A oo A FrHtol whet A 3t o] Tt HASH A 07 Atm Hrt
(2EB.26). 2811 2 22 Ao|E AT Ax7F A A 4E Sn 60 at%

ol 2AoNME AlCIE Mt mE F AT U S Ao Wyt Hol#] ¢f
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Drain current (A)

102 —

10° F —— V. 0V,V_10V
10* f — V., floating, V,_ 10V

Z10,
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10°
-7

10_3 Current density:

10 F 1.0E°ACT?

10 @2 MVicm
107
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10—12
10—13
10‘1"1 L I L l A I L

-20 -10 0 10 20
Gate voltage (V)
i ?‘:’.ﬂ ﬁ\_Z]-QJ Ids‘ng = /?j (@ V=0V, V4 =10V, ng =-20V -
= floating, Vs = 10 V, Vg =-20 V - +5 V(7 7] AFE o] A
25 HjAD
(b)
a8 b4 M 4
Wet etching
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(b) Coplanar top-gate structure
(a) Staggered bottom-gate structure (self-aligned top-gate)

S_ICHERHEN D
Gate insulator (Gl)
Bottom gate (p** Si)

4 m
Buffer layer
Si substrate

19 3.33: Al°|E AAA| 9] Etint 42 ANAAIZ17] Asf Altshe 271

22 Hs}

A F7HA ZTO 2:218] /4 H]of| whg 7] 2 B4 ool A HEtow, 71
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Abstract

Study on the Physical and Electrical
Properties of Zinc Tin Oxide Thin
Films according to the Composition
Ratio and the Post-deposition
Annealing

Whayoung Kim
Department of Materials Science and Engineering
College of Engineering

Seoul National University

Recently, several studies have been reported to apply amorphous oxide semiconduc-
tors widely studied as channel materials for thin-film transistors in display devices to
cell transistors of next-generation three-dimensional memory devices such as DRAM
and NAND flash. For an amorphous oxide semiconductor to be applied as a channel
layer for memory devices, it is necessary not only to improve the device performance
but also to obtain stable structural and electrical properties under high process tem-
peratures of 700 °C or higher. Therefore, in this work, we evaluate the physical and
electrical properties according to the composition ratio of zinc and tin that make
up an amorphous ZnSnO(ZTO) thin film deposited by the atomic layer deposition
method. In addition, we wanted to find the optimal composition ratio to satisfy both
thermal stability and device performance of ZTO thin films through the evaluation of

high-temperature annealing near the crystallization temperature after deposition. As

74



aresult, we found that it has the highest crystallization temperature of about 700 °C at
Sn 40 - 65 at%, and the best device performance at Sn 40 - 45 at%. In addition, in the
evaluation of high-temperature annealing after deposition, an improvement in mobil-
ity, which is presumed to be a decrease in defect density, was observed below the
crystallization temperature. And rapid degradation in device performance, which is
estimated to be caused by the generation of grain boundaries and related defects, was
observed above the crystallization temperature. Therefore, to summarize the results
of this work, the optimal composition ratio to satisfy both thermal stability and device
performance of ZTO thin films was found to be Sn 40 - 45 at%, and we showed that
good device performance can be obtained for high-temperature annealing that does
not exceed crystallization temperatures of about 700 °C. Therefore, the results of this
study suggest that if the current thermal stability and device performance of amor-
phous ZTO thin-film transistors can be improved further, they are likely to be applied

as cell channel materials for next-generation three-dimensional memory devices.

Keywords : Amorphous oxide semiconductor, atomic layer deposition, zinc tin ox-
ide(ZTO), thin-film transistors, post-deposition annealing, crystallization
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