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& (Nucleation)o] AAHIT E& A oYXE F3| t—phase’}
eH43tEt}. Second transitione cooling T oA A=Y, %7}
vrolglo]  we} o—phase® ¢ AwWolrt WSt ARAA SAE
wHolA "t} [2] o] 3 A2 Min Hyuk Park at el.®] metastable
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model sty WO EE ot 7F o dvo] FEshA 9al kinetic
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mephase 1

700200 300 400 500 600 700 800
Temperature ['C)

% 2—4. Doped—Hf0-2] &4 nd [5, 6]

20



2.2 Cyclopentadienyl (Cp) based precursor

ALD FAHol= thekst  ATA (Precursor) 5o EZH o] dbA

AR ALD 53 AwelA 7H 2% 29 § stue %otk

sfehd SRS JbestAl dlok stth 19 2-5+= ALD windowel gt
Aoty YR e LA AFA7E  §F (Condenses) o
224 & & (Physisorption) ¥AY 583 oS wx 3

Aol WhgakA] etk Wl E Uy 5 2o e dATA EAH9

BFHFS (decomposition) ©]  WHAEAL 7]He] e en@ Q3

A 2EoMi= 38HA 52 WHS- (chemisorption) 02 13 self—

limited =202 ¢k A<l GPC(Growth per rate) & S 2Fo| #Ht}, [7]

.
L

:4— ALD window —b: Uncontrolled growth

Uncontrolled | Precursor decomposes
growth chemisorption | thermally on the surface
Precursor 1
Condenses Self-controlled growth |
o on the surface Substrate temperature |
Z does not affect the 1
‘%o growth rate 1
1
3«-. \—\ I
A 1
]

Self-controlled growth
Substrate temperature

affects the growth rate I Uncontrolled growth
Molecules do not stay

on heated surfaces

Uncontrolled
growth

Not enough
thermal energy
for surface
reactions

Growth rate / pulsing cycle

A 4

Depositoin temperature
a¥ 2-5. 7 2% o] W& growth rate per cycle? W3} (ALD

window) [7]
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2.2.1 O|& (Heteroleptic) Cp 2|Zt=9| {g|

Hf ¥} Zr2] ALD ATA = alkylamide Al 3}
Cp(Cyclopentadienyl, CsHs) AY, ZZ¥]3 halide AL AFAZ
vt B Ao A= alkylamide A9y Cp Ao tist vl

S
=

At AHbA o7 alkylamide Al9e F2F &% 7o) v

-lﬂ

==
=

rfo

Cp Al9S =2 250X F3Fo] 7 sttt

2014d  Timothee Blanquart. at el. < alkylamides%}
alkoxides®} 72 homoleptic ALD precursor®] @385 R &3st7] $3)
heteroleptic precursor’} ¢tE¢lom Cp ALGe AFAeo thal
2708 tr. Heteroleptice 271 o]/l th& ligand?t ZE¥ metal
atomOZ FAHEO, F Jie T ligandE 4ol FoEA A7

homoleptic compound®] best propertiesE ZtA 3= E Aot} 19

d

2—62 ALD A4 (Precursor) ® AFE%+ metal ligand® FFo|t}.
[8] ALD  AZH<e  self-limiting growth €3} (thermal
composition) 7} dotA Y= & W Ul shEstith
Alkyamides A7A9] ligand stvHE Cp ringo =2 X &stA 2 A
decomposition®] =257} F7Fstty. Cp AFAolA Cp ring(CsHs) &=
electron doner &% 3} metal ligand+ electron acceptor & &%
gto] metal#e] Aol Adidor HEAHS Eld. mEbd F2
gz kdgdewr 3 T ALD FAHel FHLo] ThsdHANL

homoleptic alkylamide tH] w2 GPC EAS BRIt} [8, 9]
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Inorganic Organometallic
M M
M M M
NN N @i Qi
X o R R
Halide Owo Alkyl ns-Cyclopentadienyl n7-Cycloheptatrienyl
Metal complexes
R R}
R R—; R
. R -— R — \ N \
5.\ N N RN M
o g M M M Si M
B-Diketonate Alkoxide Alkylamide Silylamide Imide
\
R R R R %
/ N SRS O
=N \'(— N o N M 9—
Ly Jt N N ~
R— N — M N — M R NC—‘R“ M o
R dmae mmp
Amidinate Guanidinate Pyrazolata Other ligands

(donor functionalized alkoxides)

a9 2—6. ALD AFAZ AFE-¥+ metal ligand®] &5 [8]

20199 Sanni Seppidld. at el.> heteroleptic Cp A¥2 Zr

Ag-Ael #st AFE F3 heteroleptic ATA7F homoleptic 7

] =2 A7 HHAAS Holm oxygen AAZE ozones ARESh

Zol C, H, N ¥ & E5Eo auiz¢ 2SS dxct A4 A9
23] Zr(Meb5Cp) (TEA) AFA7F Zr029 ALD ATFAZH A7

b3t film purity SR 7P Agetchs AES WEch =4,

¥ 2-73 o] vy FH 2wyl FUhshe]  upgl  whubo)
W% (density) 7F s 7Fst  vture] = densityol G H|H A

ke, utute] Fri

tetragonal phase”} %

2437 AA

rr
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10 Zr(Cp)('BUuDAD)(O'Pr) y 10

w Zr(MeCp)(TMEA) 5 o

561 @ Zr(Me,Cp)(TEA) v

381w

g

200 225 250 275 300 325 350 375 400 425

Temperature (°C)

6.0
5.8
5.6
5.4
5.2
5.0
4.8
4.6
444
4.2
4.0
381w
3.6

Density (g/cm?®)

40m

© Zr(Cp)('BUDAD)(O'Pr)
v Zr(MeCp)(TMEA)
® Zr(Me.Cp)(TEA)

H20 (b) O3 [10]

200 225 250 275 300 325 350 375 400 425

Temperature (°C)

L xo] wE ¥ density with reactant (a)
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2.2.2 HfZr., O, Bfato| Hfnb zr ALD MFK|2| H|w

20203 Monica Materano. at al.= Hf¥ Zr metal® ligand &°l
sk A AHEE Hlw BAsid " 2-89 (@8 (e F
HfO29} Zr029] 2 %o W& A4 ¥ GPC A+ d3dE &
Aztolty,  TDMA  {[N(CHs)2]l4} —based molecules, TEMA-—Hf
{Hf [N (CH3) (C2H5)14} —based molecules t©H] cyclopentadienyl—
group®| O & T 258 MA S Hole e skt =
a" 2-99 (a), (b) HfO2¢14 9 Z+ carbon, hydrogen &=
5% (atomic percent %)e°l tist vlw +4& F3 TEMA AL o]
Cp A¥€Y C, H Ex& &7l 9 dewon AAAd o=
T 257 SUrse wet EeEY §

a9 2-10(@= HZO ¥4 g Zr H]&o] F7lE= t/o—peak

4%

position®] 7}t Cp Alde] Aoz © =2 t/lo—peak
AAQ3tE HAY. 298 2-10(0b)+= Zr v]Eo] F7FE4= density”f
HAashy Cp Aol Aud o=z =2 vhul W% (density) & HAth

ole gt ATA Bl ATE el FH Lus} Fbed BeEe wEst

Fasts AFS wolw uue WEs Frse AL ¢ 4 AUk Cp

Aol ATA} 23 AH bANL wE FF ALD AL Thsat)

st & Fllsh 2o FHER A7e Bede & 5 9lvk (0]
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- 21Cl, + H,0 [20]
@ Zr(0'Bu),(dmae), +H,0 [21] ]
—A— Zr[N(CH,),], + H,0 [22]
W Zr(CpCH,)(TMEA) + O, [19]
@ Zr(Cp)('BUDAD)(OPr) + O, [19] |
\ 4 Cp,Zr(CH,), + 0, [32]
P Cpzr[N(CH,),], + O,- this work |
.. 2Zr[N(CH,)(C,H,)], + H,0
- this work
—a J
o fo
v

(@) (b)
——————T T
L —M- HfCI, + H,0 [27] i . L
0.25 @ Hfl, +0,[27] 0.25
A HFIN(CH,)(C,H,)], + H,0 [30]
0.20 - < W Cp,Hf(CH,), +H,0 [31] i 0.20 |
i @ HF[O(CH,),CH,0CH,], +H,0 [16. o
o —<— Hf[N(CH,),], +H,0 [17] o
30151 b HINCH)(CH], +H,0 30.15}
~ - this work =
E * oo g
=0.10 | »‘A:EI‘ p ~0.10 F
3 7 S 5
Q
0.05 B 0.05
0’.
oy
0.00 B 0.00 |
A S
0 100 200 300 400 500 600 700 800 900 1000 0
Deposition Temperature (°C)
— = Z | =
a3 2-8. Fz 2% wE growth

L L L . L . L
100 200 300 400 500 600 700 800
Deposition temperature (°C)

per rate (a)HfOz metal

precursors with H»O reactant (b)ZrO: metal precursors with H2O

and O3 reactant [9]

a) b)

s T T T T T T T ‘ T T T T
R4t % —B— HCI, + H0 1 =6} & o 4 B HEC,+H20/ HA,+0, J

®— HIN(CH,)(C H,0 E-3 [ @ HEN(CH)(C,H)], + H,0)
] HIN(CH,)(CH,)], + H, i | NNl *+ 1y
@12 ® ® A HAN(CH,),],+ HO 5l || A HEN(CH)) +HO |

¥ Cp,HA(CH,), + O ~ | | % CpHf(CH,), + O
g 10} . Hfzoc( o T £ | | & HrocicH.).cH0cH)
= [OC(CH,),CH,0CH,], 64l | 3),CH,0CH,), |
m i |
JE 8t . o |
a A Ad €3 A [ E
2 6 A/ 1 8 -y
g [4 8w Sa2f \ At ]
g . \ ] g ¥y
Q \ c

L " i
g r 8 - ‘g : 0 o f
Dt v ¥ _ g

:%ﬂ_ Y9 — g . . 8ol vy = s |

100 200 300 400 500 600 700 800

Deposition te

" 2-9.

&% (atomic percent)

nitrogen [9]

mperature (°C)

100 200 300 400 500 600 700 800

Deposition temperature (°C)

A= RPN =
==

Hf—based HAFA¢e ZF& 2Eo w&
(a)carbon (b)hydrogen, (c)chlorine and
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—
&

z

14 T T T T T
312} . Hf[N(CH’,)(CZHS)L-'Zr[N(CH!)((':ZHS)]A- this work 13 B HF[N(C,H,)(CH,)], + Zr[N(C,H,)(CH))], [47]
® Hf[N(CH,),],-Zr[N(CH,),], [34] [ @ HIN(CH,)(CH)I, + ZrIN(C,H,)(CH)], + H,0
— A z - thi - this work
S3tols ::[crlw(czf:g%:;n CpZrN(CH,), ], - this work ]l _12F A HINCH)CH,), + CoZN(CH,)), + O, plasma
= A P s L3 - this work
151 * R : [ E 111 & HAN(C,H,)(CH,), + CPZAIN(CH,),], + O, - this work 7|
S30.8F ® i N B S
D * 310 F X
2 - g i A4
T ” > R

S306 . B . Z 9 o= x
© A N AT = 2 :
1] ~ .m-Am © c gl B 4 v |
2304 |-&° . £ g Sant
g ae- L ] “6,,,0*‘ ° o 7L . : . .-\\':::::”‘u“\-

S0:2 .- . 6 L] ) N 7\'“—1

30.0 v . sl . . : . N

0 20 40 60 80 100 0 20 40 60 80 100
Zr content in HfZrO (%) Zr content in HfZrO (%)
Sk.O = Tl
a8 2-10. HZO YW Zr = W& (a)t/o—peak position

(b)density (g/cm3) [9]

2020 Sungmin Park. at el.> Cp—based ligand?l
CpHf(N(CH3)2)s TDMA Hf(N(CH3)2)s Al gt o]& d

AdA AT AxE dx It Alkylamide A= low melting
point?} high volatility® ZFw3% 2 rates HAT ol

alkylamide ATFAl= AA oz k3t metal-N  bond(~550 =
60kJmol™ & 2zt QQa ¥ F& Al ¢ %L bond dUAF zt:=

M-0 bond ((~800£50kJmol ) E tial®tt ©]x7 2 enthalpic
driving force® &l & koM %E F2ko] 7bsek §hd low thermal
stability S %=t} [8, 11]

I 2-119 (@), b)), (@, (d+= Z Si 71wl =2 @ ALD
HfO22] GPCS} ##HE Ad A3 Z a) precursor exposure time, (b)
reactant exposure time, (c) number of ALD cycles, and (d) growth

o=
O

Aol A Cp A7A7F TDMA ™in] w2 GPCE

Hol7FA A

temperature
B owk (d)ollA growth temperature’} 300CE
TDMA A4+

7}

thermal decomposition®] WO =

ofN
i

Hoo, w®bd, Cp AFAl=

27
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Helowm Az Aol Eu RS &dsksith. Thermal
decomposition®] 7% intermolecular %Fe] HF$Oo 7 R =4,
Aleksandra Zydor. at el MCp2Me2 A7+A2] bulky ligand %7}
steric hindrance effects(YJA W3l a2hE A°A intermolecular}

ATA2] molecules7te] A

olo

= Waigor Awgeiditt [11, 12]
o]x¥ bulky Cp ring? steric hindrance =¥+ GPCE HFE
3% SHAYE intermolecular 7Fe] WREE Alojst @& sith
TDMA-HfZ Cp—Hfe xdel| JFHE= G99 A7lE Altstd

TDMA-Hf> 60.75A2, Cp—Hf=> 64.63A29] #to]l& Hith [11]

% 25l (@) —O= Hf(N(CHa)2)+ ) (b) —O= Hf(N(CH3)2)4
a sequence x-5-2-5 (s) —{— CpHf(N(CHa)z2)s % 50 | sequanca 3-5-y-5 (s) == CpHf(N(CHz)2)s
= o VT Taub = °
2 oL Tww=250°C % sub = 250 °C
o o
O 151 [&]
& Ao —0 2y
— | = p— D —D e
8 1.0 g
£ e
E osp s
o 2
o ; ; ; . ; G . i i
0 1 2 3 4 5 0 1 2 3
Precursor exposure time (s) O3 exposure time (s)
35 — 45
(©) == Hf(N(CHa)2)4 o, @ —O— Hf(N(CHa)2)s
e [%] r
e s == CpHf(N(CHa)z)s S o [weneaszsie —— CpHf(N(CHz)2)s
E 25l Tsw=250°C <
= == 30
w 20| o
g g‘ 251
c 15 o 20p
22 o =
L2 o 15F
£ 10}
= = 10k L3
5| E .
E 0.5F
g A ; i O ool i : . A i
0 50 100 150 200 150 200 250 300 350 400
Number of ALD cycles Growth temperature (°C)

¥ 2—-11. Si 7] A ALD HfO2¢ GPC (a) precursor
exposure time, (b) reactant exposure time, (c) number of ALD

cycles, and (d) growth temperature. [11]
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Sunmin Park. at el.= TDMA-Hf 3} Cp—Hf HAFA|e =ol&
DFT (Desnity functional theory)E &3l s|AsAtt. 1¥ 2-12 oA
%7] Si 7]¥ ¥ native oxides® <13 —-OHZE 3sho]=F243}
Hojlth=  7Hdstel  x7lel &2 4 &2 (physisorption) A&
AFAZE A zpol7b §IAIRE FE3$E activation U AE O
Hf?} O atomszFe] %™ ®EZo o3& Hf—O bondinge] A3t} o]
HA oA TDMAZQ alkylamide ligands %W wES-oA HN(CHj3)22]

AHES A4Sk H atomsy w3ETh o] 9} ¥ metal-Cp bondi=

4m

metal—alkylamide bond®.t} 3}stxow  ©  <lgslr]  wEof
alkylamide ligand7} WH&38F ] Cp ligand®™= Hf atomse®l =o] dolA
Aot o2t T3k A F AFAVE BE T2 ouAE wA H4
chemical adsorption state(3}8t4]  F2h)e| Ldsiw], o] wpx]up
AHAE 7 AFAE A dyA FEE B A=
ATzl Zpoli= FXF ARl transition  siteolA]  EAYSH=U]
E214 &2 o]F transition site]A 2] Y #]:= 0.96 kcal mol™ for
Hf(N(CHs)2)4 and 13.89 kcal mol™" for CpHf(N(CHs)2)s® & 2}o]7}
kA sy, 23k sl el E 250TeA 2 ¥ TDMA—-HIO9
Cp—Hf0:2] Z=Adn]| 9} densityE #4334, 250TCelA Cp—HfY
O-H H$< 6.7%% TDMA-Hf9] 2.2% th¥] 39 7}7ko] #gkor
density¥ 7} 9.537 g/em™, 8.719 g/em °S.& TDMA7Zl Y &
A3 H3Avh wbd 350C S#e] A% densityi= ZF 9.335%F 9.651
g/lem P22 Cp-Hfo] © ¥ utut Wng wolrh o]fgk xpolzp
sk flo® 250T 9 W 2moAal xds] Wkg3kA] &3t bulky

Cp ligand7} Si 7|3 %W O-H siteolld 3% WS Wallst=



12
ot
o
=)
X,
)
2
=
olo
ol
N
b
<!
N
me
=]
2
10
7
T
@.
o

N
)
=
off

¥ 25® 93 dihydroxylation ¥o FAA  ZASHA FHo
350CelA = Bt Werl s E dde] 2R [11] 1 34
Cp AFAE 350C 2 44 2Eox ALD ¥4 AL A+
o] 9% dihydroxylation® F&Fo= %W O-H4 =wEse
AAst=Y 3ol & & Sl drbdow wiube] W= A4
ster&4 2 composition® #Eo]l gtk 7]E £ oA EAWE Cp
ATA Y =2 density® ¥ E% 5%+ bulky Cp ring® steric
hindrance effect® QI3 & wbgof Waf Wi Wz o] AAL, EL

713 250 anE BEowo] aydoR AAEI Fw3t activation

20
e Hf(N(CH3)2)4

amms CpHf(N(CH3)2)3

'
o
I

o
T ¥

AE (kcal/mol)

&
S
Ll

1 1 1 |
Initial Initial Transition Final
state  physisorption state adsorption

Reaction coordinate
a9 2-12. Si ¥ ALD HfO, vtur &2k 3o o] DET A4t

A
o

[11]
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Jae—Sun Jung. at el.> 1" 2-13(@¢% #o] 71¥& Cp—Zr
AGA oA nitrogen®} Cp ring®] AZ2¥ linked—Cp ligand&
27N 8HA Linked Cp—Zr A= n°m! -~

Cp(CHz)sNMe} Zr NMez), ¢ 3}e2& 2t vladd Cp—Zr

flo

CpZr(NMe2)s ©lt}. 1% 1009 = TGA (Thermogravimetric
analysis)oll ©jst Aylolz -5 ALD windowel] t©jgt ZA}lo|t}
A TANA%E Linked—Cp AFA7F ¥ =2 &% ZAYE HAUXW

indowolME 370C =71+ g & GPC trendE Ho ¢

A% oAUx7t vlma Cp divl w2 AL it W

roughness 37l M= Sz 2571 S7Fge whel MAE= S

14
X

Bt [13] 2 A= 71£9 Cp—Zr/Hf ¥ ¢ 2
SFAAS Hol= linked—Cp Zr/Hf AF-A|E o] &3] 300C o)A+

A2 3 ALD A& Astal HIO, Zrop 1¥al HZO whebe

AZstel Som ol kel A e] Al SH& AT,

(a) (b)

N ﬂ\ wN—
\ ‘\‘\ T »

Zr zr,
_N/ \N_ —N/ \N—
\ \

a™ 2-13. Zr AA9 molecular 7%

(a) {n’n' —Cp(CHz)3NMe} Zr (NMesz) 2 (b) CpZr (NMez) 3 [13]
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100 301°C 5500 9] °

)
S

80 .
204 ALD Window

Heat flow (Wig)
3

0
3]

P 0 >

X L

= 604 2 200 250 300 350 400 =<

] Temperature (“C) -~

[=2] o

g 4 ® 15- /- °
=
3 ] /

20+ 2 .

O10{ 870 o oo

100 200 300 400 280 300 320 340 360 380 400 420 440
Temperature (°C) Temperature (°C)

% 2-14. F)Cp—ATAY TGA IHE ()% wE GPC
(AL A: CpZr(NMez)s , w3 A {n’n' —Cp(CHz2)sNMe} Zr (NMe2) 2)

[13]

2.3 9y (Ultra—thin) 9o ¢} vhek 2 7)1
2.3.1 Ultra-thin HZO gtatof 2ttt A

EOT (Equivalent oxide thickness)® SiO, (Fd& 3.9) wvtat
o8] A7]A F7) (Electrical thickness)E Ao zZx %o {3&
FEE AASHAA "Ere] FAE o] FF7FA] scaling 7He $HA]

Hets Aok, 19 2-15% Si0p vHeke] A7 A She| uhet
7_31

S Z7kekn ol Aols] s were] FAS

|

=HoF o= ol E Kotk [14] WA HA =7 F7hgel whet

59 FAE A%H 0w ZaeA Ha,

,,
g
[ab)
)
wn
2.
78
@]
=
©
>~
>
oo
i)
2
B
o8
=
=}

olg]g FAE syl 98 high—-k =Zo] E¢l¥tt. High—k
AL =2 &S 2te E4=2, g J4¢2 FAdA4 71E9 Si02E
A = U= FAEES 23 leakage current?] ZF WFEAQ] H-A o

U= 7R 9= 4 oh HfO.+= DRAMYO] transistor®} capacitor,
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Fe—FET (Ferroelectric field—effect transistor) ¥ ofyz} system
WA AREEI e Edolth. Id 2-16° wWEWM ZrOz9)

HfO>= A9 A 443 Band gap EA4S Holy Si0O, W] =

FTo FHES Hola HIO29 energy gaps 5.3~5.7eV FTO=
dH A ok ZrO28 HfO2+= 2 fluorite structure® Zral 9loH

ha

Atomic radius H3F oF 155pm= A FYe 5A44S Ze=t) olgsh
vtobo] fApd o w2 <Qlel]l HIO29F ZrO2E Agstel HzZO2 iAol
AFE 2 ¢t} [3] DRAM capacitor®] ZrOso/Al03/ZrO2(ZAZ) TF+
20nm¢ DRAM cell transistor®] nodeold gzl AFE 3o
capacitor 3t scaling H WA H2 ZAZ TFRE HZOZ A=
AT7F Eds] FAEI ok dRbdo® 4zl ZAZS EOT+ oF

Z0 veks F3) 0.5nm ©|st= EOTE 7FA7F= A7)

Gate
lirnit

L D I\r\;

powWer
limit

Gate current density {A.:m'z}

DRAM

Gate valtage (V)

I3 2—-15. SiOs 779 W& current density [14]
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-
o

Band Gap (eV)
N W R OO N o ©

-

« S0
. A0,
Mgdb.
+.Ca0
ZrSi04ee - Z10,
- HiSIO, Y203 e HiO,
* ..’ f LEI D
SO 279
SizNy +  4BaO
Taz05

[ 1 c P

| i ]

10 20 30

K

40 50 60

a¥ 2-16. &4 ¥ dielectric constant (K) 2} Band Gap(eV) [15]

olx14 Ultra—thin =2}

AT ghobAE AN

oo B
540] 7

| 25 TosHARE v

8] #ashe A= Kot 19

¢

2—17< Epi—HZO$% Poly—HZO #¥l#o] 10nm ©]3}ell4 remanent

polarization(Pr) ©] #243] #Asts

current

Fluorite—-

factorell

w7

BN
iGe
i)
1o
o
Jo
2
o
flo

)
A&

ot

1

2} At} XS leakage

= ATS worh [17, 18]

thermodynamic 242} kinetic

ferroelectric olll—phase (Space group:

o3 ARET. I¥ 2-18% Zr0:8 FA #AAETFH

post

t

—phase°l| A

annealing ¥}7 of 4]

o—phase® 9]

Q3+ thermal budget®] =7}8t1 5nm ©]3&teA = AA 7}

b= S & F HAFEY. dAA7HA] dEH R olll-phaseZ 2]

t—phase”’} ¥4 ¥ 3  cooling

phase transition®] ¥+

a3 lrh sAwk, 5nm oldk® FA7F 7AdkE grain
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size?] ZFAE Q3 grain size effect® Q3] A EAJ ORI

AAEE A7l Aol wig offHT [17-20]

a0l » - Ref[3]
& z_, - Ref [4]
(\1—\ po[y-HZO .} . :z: EZ]]
E . - > Ret[7]
-9‘ N Ref [8]
O
= B
—
o= \
ol | q
N
0 L
Am 100

Thickness (nm)

a9 2-17. HZO ¥le F7)o] wWE remanent polarization (Py)

[17]

Amorphous

*
15 € Nucleation
i . ® Crystalline (t)
E [\ " - ®
10| %o .
2 *,, ® ® o s
SEx ® & o o @ §
—
* _ °
* R - e _
1 n 1 " 1 n 1 1 1 1 1 1 1 1

300 400 500 600 700 800 900 1000
Temperature [°C]

I3 2-18. FAY 250 wE EAo A4 [21]

Youngin Goh at el. ultra—thin Hfos5Zros02 B2 bottom
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electrodeS W, Mo, Pt, TiN, Ni (Top: TiN)Z ¥HA3HA A4S 3o}

ATE B3| uwe FA7 gl A54E FHAY o-phase HHL

_ﬁ
i
to
ol
ol
&
)
=
-
=
D
=
=)
&

Hol7] 98 ¢ % in—plane tensile stress”
coefficientE %E3 tensile stressE& FE3Y @2 FANME o-—

phase 2435 A4 F At AT 23

i
i
53]
3%
=
(S
S
[
o
T

192 6nm HZO utee] oja] s A= w& P 3t thermal
expansion®| F&4E A EAo] = AFHE Hlg, 1H

2—20% TiN/HZO/W3} TiN/HZO/TiNel Aol wtul Fro] w& P,
grolth, vtere] F=77} wrolx]w o—phase A

=2 tensile stressE %3] o—phase Ao 7lsdtE RS &

oX

(o]
12
2
ol
L
X
i)
=
anj

Utk w2 AFE FE TIN A=5elA+ 4.5nmelA AHdds

b4

E R A

ek

Ao Z G g 6nmA S FAF. [20]

ol

(54
o

TiN TiN TiN

HZo o HzZo HZo
Mo o
N

]
o

Polarization [nCicm?]
o

-25 —o—Initial Sweep
o 2P, : 46.1 2P,: 40.5 2P, : 35.8 || ——After 10° cycle
LT 05 4 4202 4 42024 42024 420024
Electric Field [MV/cm]
70 (n (g) 200 (h)
Vav Compressive Stress F T ear Position (deg.) o(111)4(011) g ?Compressiva e
— 60F a | T [ 6 R e £, (|l e——————————
~E L \ =1 Mo TN 0 { Tensile stress g
s 0 g t = [ i ¢ .200
S a0} Mo DN 21 e f & | o
; 30 g L zelteardl A8 T -400} /of
~N I Tensile Stress E Pt%m{-‘!ﬂ) z 1 Mv: .__g_ o]
Sy Ni Pty | K,_ ;Ics bl O/
10t ¥ " N ™ e
4 6 8 10 12 14 24 26 28 30 32 34 T W Mo Pt TiN Ni
Thermal Expansion [10°/°C] 20[degree] 20[degree]

36

’ -"{ﬂ ":.I:r' ]_-.



a9 2-19. 6nm HZO ¥F9re] ($]) Polarization—electric field
(P-E) &4 (oF=l]) (f) 3lF A=29] thermal coefficient ¥}

polarization (g) GIXRD A3} (h) 35 A= W& ZHF stress [20]

L r

30t TiN'HZO/W
o L
: 25
S 20f AR
= 15} ! TiN/HZO/TiN
% 10}

5| _

D L ' = e

5 10 15 20

Film Thickness [nm]
2% 2-20. TIN/HZO/W# TIN/HZO/TiN] MIM ol 4] <] uhu}

Tl WE +Pr %t [20]

2.3.2 Ultra-thin HZO Et3tQ| interface quality

ko]l FA7E gaghel weh whekel A 7 uiB] interfacial
G o] A= HlFol AAXA ©rr o]#3t interfacial 992 dead
layer2% =39 ZHA4 5AAS Aslsh= 247 v Hong Base
Par at el.> HfCly, H.0, O3 oxidant® #&3 HfO, ufutol] thdt
ATE &3 oxygen excess$t BHC] A9 annealing ¥ oxygen
diffusione] &l Si 7]#¥ wteke] interfacial POl F7FsHH,

interfacial® A&o] Si0, IS &t} 19 2-21, 2—22°14 SiOq

flo

layer® <18 capacitance density’} 7243}, interfacialell =

fixed—charge density®} interface trap density® <¢l& CMOSFET
37
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il

& 54+ Astdval wglv ESE Snm olsk wEbelA = o] g
interfacial®] @aFo] B #AA|7] wjite] Btet 54 gR7E o ofHA

Hr [22, 23]

st

a% 2-21. HfO2 ¥rere] TEM o]w]A] (a)as—deposited with
H2O (b) RTA with H.O (c)as—deposited with O3 (d) RTA with O3
[22]

=
o

("‘— N'_‘
§ o8 Eo
i i
‘830‘6 2,
@

& 2
8 04 So
33 K+
g 8

0.2
S 3

o 0 1 2 g 2

Applied voltage [V] Applied voltage [V]

9 2-22. C—V 13X as—deposited and after RTA at 750°C

of HfO, B2} with oxidant (a) H:O (b) O3 [22]

Yan—Kui Liang at el.> 5nm TiN/HZO/TiN =ulell o3t ALD
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ATE  E3]  interface qualityd FQoAS Adow

o\

33
PVD (Physical Vapor deposition) & %<2 % 5nm ALD HZOE i1
Al PVD TiN A A5E& 4= ex—situ 4% ALD TiN - ALD
HZO - ALD TiNS & chamberolA F&3st= in—situ 58S
APy, 29 2-237 Zo] ex—situ ALD HZO Hhute A=
interfacial layer7} &Q1% 13, in—situdlA+= interfacial layer”}
HEE R ekokth. ¥ 2-24% in—situ ALD ¥4 IA 5nm HZO
wokol 2P, #S Hul 41pC/em® at 3.0V7ZHA Felskglon
Endurancel %= 10'° cycles (5 MV/cm) Fol% 20uC/cm?® o449
2P, #E BAr. ¥ EIS =3I HZO vrue] scalingol A interface

quality 7} B X]= Q3] w5

ru
Y
o
e
abs
¥9,
5
(S
=

a9 2-23. 5nm TiN/HZO/TiN ®ere] TEM 4 A4 (a) in—

situ consecutive ALD &4 (b) ex—situ ALD &7
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40 T T T T

-« ExsituALD -
~ l"

=
<

107

w
o

10°
10°

N
o

S
'y
Current density (A/cm?)

— Cansecutive ALD

103710123

Voltage (V)

—

<
A
5

5 nm HZO |

f = 100kHz
After 10° cycle wake up

Polarization (LC/cm?)
o

Ex-situ ALD
e Consecutive ALD | 2.4 MV/cm)
s Consecutive ALD [ 3.4 MV/cm)

'30 - = — Consecutive ALD ( 4 MV/em)

' m— Consecutive ALD [ 5 MV /cm)

_40 $ i L | s Consecutive ALD [ & MV/cm)

-3 -2 -1 0 1 2 3
Voltage (V)

I8 2-24. In—situ ALD &3 3 ex—situ ALD &3¢ 5nm HZO

gl p—V 54 (PMA 600°C) [24]

233 FEHF MH =8H

Ultra—thin HZO ®ruto A 9] leakage current =7F= 7

fA4el

switching S| #98l+= ferroelectric domain® switching

currentS SAsY=d o]8]&S  op7]dtl. PUND (Positive—up—

negative—down) pulse <QI7}F WA O F  ferroelectric switching

>

currents SA3= WOz dy

Ptk s, B odgelds

5nm ols} Btele M FHARF dEe &8 AAL & A= WHe

zk7] Q]& leakage current compensation WY 0=

& Fgor FHARE AAses wHoln wf

2

o A%
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21 (1), (2)2 A3}, [25]

R=f(Voe) = f(w), ip= % =fl@ ) o

Fuo] 9g8S W capacitance AERFS HY7] Q8] Fuk-
HEo AsHA = A AES AASA Hi, 1 &S AHsd

371 (3), ()8 Ao a9 2-262 2 (3)S Agsle] Ty "R
=743 antiferro—electric ¥+2Fe] transient current® DLCCE £3

BAgE Aol [26]

ot

I.|::|r.1n|:r.|p (m) =

(@) +i(w)]

ey |

1
Pcom;:[w]=:[ijj —w P) (1)

12<w,/w; <2 [95]

Good results are obtained for
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7.5 T 30 T T T T
—— 5kHz = =« =raw data
s0d —— 713 t:: 20 { = compensated data
---- 125kHz
254 e 15KHZ 104
T z
Z 00 e 0
E increase of £, with %
O 254 rising frequency S 194
5.0 -204
-7.5 T T -30 T T T
2 R 0 1 2 % -4 -2 0 2 4 6
Voltage [V] Voltage [V]

" 2-25. () FIe]  wE ferroelectric A/
WHE (simulation), () FAAF7 EAlshs dhvte] DLCCE 248
A3} [25]

0.2 900 Hz
500 Hz__
100

19 2-26. (a) Antiferro—electric

DLCCE %3t leakage A% #|4 % current &

Normalized Current (arb. u.)

Current (mA)

Hz_|

=

42

\, 500
0.1 A\ \\‘

ulul

=

A

(D)
.7
6 ! : 6
8 \ 1000 Hz
12000 Hz
25000 Hz
-0.2
Electric Field (MV/cm)
(a)
0.2
100 Hz
' Hz 900 Hz ,(B)

[26]

o

o A

9] transient current (b)
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3. &

el

3.1 A& ¢ =3

2 33 Cp-Hf & zr MZKHQF ALD T2 EH

=

3.11

O

H o AdF3E 22 g7 aHA S HolE heteroleptic Cp AT-A¢1
Cp—Zr({n5m1—Cp(CHz)sNMe}Zr (NMez)2) . Cp—Hf({nbml —

Cp(CHz)sNMe} Hf NMez)2) AFAle]l st  ZrO., HfO, 181

FGAA EAS Rol:= Hf0.5Zr0.50.0] thst 34 2ds 2= AS
2oz APy Urt BT TEMA-Zr (N(CHs)CeHsl4Zr),

TEMA—-Hf(N(CH3) CoHs]4Hf) © 2 Z3gstgc,. 718 3-1& o)
Ao A" ATFAe FFolth. TEMA-Zr/HfS 7]Eof AFE Fold
Fulet 24 F2S AYsgith vHlaTo® TEMA AFAE

AR oldr= &% A7 Ad AR kAo m AREEO St

Zr ©
) C_H/ac/N N—en _ N/ \N _
&n, b /
A= 3—1. A4 ¢ T (a) TEMA
(Tetrakis (ethylmethylamino)) —Zr: (N (CH3) C2Hs] 4Zr) (b)

Cp(Cyclopentadienyl) —=Zr: {n5 ml —Cp(CHz)sNMe} Zr (NMez) 2 [13]
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e T2 Cp—Zr/Hf AFA2 ALD 342 A2 S0 CN1AMY]
Atomic classic model(Laminar gas flow)eol| Axlsle] 4 A45
Raednt. g Anls A2 Zolrb ARE, Hludew XIsh
TEMA AT-Ale] FHlel Fdgk 3AkeL 7|Folvk. 1% 3-29 o]
HEeA] 35 A74 clean roome] AA %o, Cp—Zr, Cp—Hf2
canisterg AXstFtt. ¥ 3-32 ALD #AH|9] Gas delivery
flowe|t}. Carrier ¥ Purge gast No& AFE3+$ 3, canisterd
carrier gas flows 50sccml® A3 Purge gas flows
500sccm@. 2 A3tk Reactanti= O35 ARSI CN—-14}]
ozone generator® 23 220 g/Nm *°o® AAs9tt. Purge$t

canister? line< 3shUZ W= FFolal O3

rir

HEY linel =
TAEo At 112 FFo] W= process chamberel= 4 inch Si
wafers Zig® AFst] F 57019 AE (©2x2em®) & el FF
7hsatth ARt o w2 FA dpg oA A S gastt ATA EEEES

vacuum pumps F3 &F = wjEH o}

Process
chamber

Canister
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3-2. 12 =z ALD #H] (CN—-1 Atomic classic model)

Process chamber

_____ Purge X0seem
- -.! © [ \?;Zé?‘ Vacuum Pump
1
o o E '@' Cp-Hf Heated chamber
H r——
1 5
i_-_@- Cp-Zr - ) ) o
(2202/3de; —
1% 3-3. Diagram of ALD gas delivery flow
312 12 3% ALD =¢a 4ot £ 58 A
A2 El (Canister) 2% 5% Aoz A3 &gw wute
s wastelth ALD gu o @ush eklel sms ATAlzt
FAHW AN PAS GAI] wEel AAYE PO WA
A& sk & bubbler WA O Z HAYPS APsdnt. Cp AF-A¢]
o o= ARY ARR AA Vs WHer ALD Tl HA ode
AS Q3R Ny carrier gas 50sccms S#F+  bubbler
AR T fFE &AL T A 582 XRFX-ray

Fluorescence, Thermo scientific, Quant’X EDXRF) #1]E &g 3t}

HFA R Cp—Zr, Cp—Hf 25 100TY canister %5 A3}
AL gl W 5= 2] flal =l

45
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A ol Wg FA4 2 71A 2 wi7]ell= Edwards AFe] IGS 1000N dry
pump”F ARG5St

% 3-4% 2 Aol 5nm HZO (HosZros02) HHeke]l ALD 53
Hgoltt. Si 7|# waferel Endurarb® Sputter W2  Ti/TiN
5/50nm& 4 ¥ ALD FH|Z HZO ¥hvhs F3 & A% SNTEK
sputter AH]E o]€3] TiN 50nm =2 Adtt. TEMAS Cp Z4A

T AR A9 2064 2He AWt

H |

Bottom electrode
(sputtered TiN)

+
ALD - Hy5Z450,
deposition

'

Top electrode
(sputtered TiN)

4

Anneal 450°C 1min
(N> atmosphere)

1% 3—4. ALD process flow of 5nm Ho5Z0502
¥ 3-1& Cp—Zr ¥ Hf¥ TEMA-Zr 9 Hf¢ ALD 3% =zie|

°f
=

il
(e
o

3l vjwxolth, Cp—Zr, Cp—HfE 330CY =& 27L& 7]

r

2
Og‘:,ﬁ

3} 31 canister 2%+ 100TC, Carrier gast= Nz 50sccm, Purge
gas® Nz 500scems A€ om Oxidizere 03 220 g/Nm*E

zegeelar

&
o

A&y, TEMA-Zry HfS EF 280TCoA =
canister %= 7z} 67CS8 62CE Agsrt. TEMA A4+ Cp
] Aoz & GPC &2 Hol7] Wi Carrier gasi

Ag3stA gorm Purge gas:e Cpet €8 Ar gas 200scem=
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AFE3FATE Oxidizer O; 190 g/Nm’& # &3ttt wixuoz
549 step sequenceolA F zfol7} Ql+=d|, Cp—Zr¥ HfS &

GPCe} ATFA 9 feeding time©l| W& saturation®] &3] FEI X

(o]
T~

A= HA, a9y & HFEE QdF IF ATAVE Hold EEEE
2+9-35k= FAEol ol oy EAE dldsty] sl

DFM (Discrete Feeding method) & # &3} )

Cp-Zr, Cp-Hf TEMA-Zr TEMA-Hf
Equipment CN-1 CN-1 CN-1
quip Atomic-classic Atomic-classic = Atomic-classic
Growth Temp 330°C 280°C 280°C
Canister Temp 100°C 67 °C 62 °C

Stepsequence 113 19 x9}.516s  1.8-20-3-10s = 1.8-20-3-10s

(Source - Purge - Reactant - Purge)

Carrier gas N, 50 sccm X X
Purge gas N, 500 sccm Ar200 scecm Ar200 scecm
. 0, 0, 0,
Oxidizer (220 gINm?) (190gINm?) (190 gINm?)

3% 3—1.Cp—Zr, HfZ} TEMA—Zr, Hf®] ALD 5% x7 vlu

DFM< AGA4 9 feeding timeolA Growth per cycle(GPC) 7}
k3] saturation H7] el 7]1&7|7F @nbalAl= 7S pseudo

saturation®.® Tt olwfe] A A feeding timeS 7|FOZ ALD

of

13] Alo]lZ gloll A~ feeding ¥} purge’} 23] o)A HIEI ==
T4E 77 Aol o & 59, feeding time 6s + purge 12s&

feeding 3s + purge 6s5 23] WHESh= A o2 3 M5 VA7
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il
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oo
tlo
ol
ol
X
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g,
w
O
&
[
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o
g
@]
jon)

A0 purge 74a7] wiEe] HALE Aoje] wl$ &3 o]th Tae

Joo Park at el.2 DFM<S E3& 7] W] GPC7} F7tsla EEE509]

wadhs oo vt Fdo] HEIT: A AdE ¥R [27]
& dAdelME DFM<e B7bet AblZE Qla, GPC S7bsh Sw=
el mAE HZO wiepelMz gelstoivh. ol@fdt DFM W=
Agste] Cp—Hf¥ Zr2 19 3-59 #o] DFME AE3 stepx
A&ttt 1" 3-6 DFM=Z 5nm HfosZros0z ¥fetel digk Cp

ATAe] ¥ feeding AlZrel W& GPC ZA¥o]il, 6s= DFM #E,
5si= DFM w|& ot} %7] setup TAIS] AIEolojA ¢H¥st Hlw
A8 e ofygl o}, Zr0,9 A4 feeding Al7ko] 5solA 652 Eold
Wl GPC7F °F 5% =ol%i, Hf0:9] A% GPCe Wztrb Il whd
GPCE A 83 Hfo3Zro702 BMHe] 6s feeding?} 5s9 non—DFM %7
kO] Aol 14%=E @Y ZrOp, HIOF Hags wl AsZo] 4 &

e & Qv olgs Ad mlwE Fs DFMel &3k GPC S7F
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[Non-DFM - step sequence]

E Purge Purge E Purge Purge
16s “ 16s 16s - 16s

ZrO, 1cycles

[DFM - step sequence]

Purge Purge
12s 12s -

+ HfO, 1cycles

ZrO, 1cycles

Purge Purge Purge Purge
16s 12s 12s - 16s
+

HfO, 1cycles

13 3-5. ALD step sequence ($1)Non—DFM (¢}2]) DFM & &

(Deposition temperature 340C)

Hf, 3Zry ;0,
1.2 T
)
©
)
— 1.0
=< '
o
©
fry
+ 0.84
o
o
g
(]
.
0 06'

@ non-DFM (Feeding 3s + Purge 16s)| |
@® DFM ([Feeding 3s + Purge 12s) x 2)

5

6

Cp-Hf and Cp-Zr precursor feeding time [s]

% 3-6. 5nm HfpsZros0. HFote] ofsk Cp—Hf, Cp—Zr9

feeding time©°l W& GPC

HZO ®rere]l A7|4 5L #%3-29 #°] capacitance FH =

93 C-V+ LCR meter(Agilent 4284)Z AF&3slgy dAgE 0.1V



FACT —14V D> +14V D> —14V & FEFHA Zolox o7
A5t T34+ 10 kHzE A Eskdth Current =74 Av|=
Agilent 41568 AFg3FlaL OVelA —1.4, OVelA +1.4VE OVE
Z|Eow A= Ridf SA wEke R Sl o] se] vk A5 A

549E gl3}H7] £ 3h GIXRD (X’pert  Pro, Panalytical),

_l

RBS(Rutherford  Backscattering  Spectrometry), XRR(X-ray

Reflectivity), XPS(X—ray photoelectron spectroscopy) =2 #H|=

AFg-55ieh.

Equipment Voltage sweep range Step AC level Frequency Measurement time  Sweep delay

LCR meter
Cc-v (Agilent 4284) -1.4V > +1.4V > -14V 0.1V 50mV 10 kHz Long 1sec

Semiconductor
v parameter analyzer (Agilent 4156) 0>-1.4V,0>+14V 0.1V - - Long 1sec

#E 3-2.C-V, I-V 178 54 54 By 9 =4

ok

4 21 AIde Eyd 54 245 8 XRFX-ray
Fluorescence, Thermo scientific, Quant’X EDXRF), GIXRD (X’pert
Pro, Panalytical), RBS(Rutherford Backscattering Spectrometry),
XRR (X—-ray Reflectivity), XPS(X—ray photoelectron spectroscopy)

Sol &&EHYy #@A7EH 5 A= parameter analyzerg
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calibration

-
!

yg 9

=1
S

=

=

A
(il

2 x 2 cm? A71Y AHE M2 2Y

=
=

4inch A8#£(Si) wafer

Ak
Al

Zig wafer® A

A -

PN
T

[sid
=

9

Al &
2 o

o

—_
file)

o] Fol= At

dl o}
|

TC(Thermal Couple) & A

o
e

a3 3-7

47

[e)
R

17 (Calibration)

4 inch Zig wafer W 57019 2 x 2cm?

=
R

3-8

ol

0

i

Hol=A P-V

3 (Uniformity) =

=
=

o ol=Ax #UT

i
B

P-V A& &3 hysteresis curve 54|

Fol £1%)

S

2 A= fail® ¥4

o}k
5

s

A A

1]

FXS

—

0
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ZH| 23 2 =2 AH| Tc(Thermal Couple) E Z7 T 22| *}0]

5§ & 8 & 8 7
c o o ©o o

45 5™ 2E[C]

300 320 340 360 380 400 420 440
H 8 2E[q

a9 3-7. Bl 24 2x9 AA 25 3He A

Zig wafer uniformity anyalsys (P-V curve pass/fail)

record date : 22/05/13
Hinch wafer
Die diameter : 2x2em?

100% (Good)
66 ~ 75%

1

1

1 33~ 50%
1 0% (Bad)

VB4 24e Fe BA@

1% 3-8. HZO A|A <]

P
zig wafer W <4 (Uniformity)
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3.2 bnm Cp—Ho,5Zro_502 Fi].’—‘l].'

9] ALD 34 x4

3.2.1 Cp HFH Q| HfO,2t ZrO, ALD 378 =4

ATAS 9= canistero] i3 2% Ade Au|7t AXH 279

A&y ATt 5058 Al &ske] 105
255 2#7tY GPC(Growth per

3-9& Hf% Zr AFA EF F

T 7HA] 5% ZFA S F canisterd

cycle) A/CyE Ao 19

50cycles, AFAS] HEE AJ7FS 5sZ U3t T AYPSUTLE. 33—

3(a)oll A= A=) W2 (Vaporization) ol A= Z2bo] Z w1 %] 9kgkyr

713 W21 (Bubbler) S %31 100T

53

B GPC7F Trbeke AE

Astgdtt. o] we] Bubbler: Hf/Zr 2% N, gas® 50sccm<



»— GPC
5-60-X-60

151 HO3_HIOZ_Vaper =l Zro, |
* HO3_HfOZ_Bubbler gos
12}) Zr0O2_Vaper i ;o <
— & ZrO2_Bubbler < 04l
3 2
— 09} [€)
4 'y 024
g 06 0ok
D i 1 3 5 T 9
0.3} 0, feeding time (s)
- GPC
0.0k : A A a Ee 0 5480-X-60
70 80 90 100 110 ©) . . -
5

Temperature(C)

HfO,

06+

GPC (Alcy)

04 |

02/

) S R T
Ty 5 T 9

0’ feeding time (s)
% 3-9. (a) Cp—Hf, Zr AFAell thst canister =Eof W&

GPC (b) Ozone(03) ®¥FH& A)7te] W& ZrO, GPC (¢) Ozone (O3) WH

a9 3-109 (a), ()&= 340TC 53 24 Ozone WHg AlZFS
5x= AASH & ZrO.9F Hf029] A vk A7t & GPC EA S
BoAslolt} ZrO,= oF 3%oA 7)$77F pAEE= ASdS Kol

Azl kgl wek A% ks A¥E Wk HOE o

2] ©# (CVD(Chemical Vapor Deposition) &< Ensts Y=
=

At ol wE A FH 2k AdoM vl vE
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gejtt. 3-10 (), (d)

rlr
N

7y 7Zr029F HfO29] F2 cyclesel wh&
A 54 Aol Ad #AAS =Y, 7] 10cycledlA tha
o 7 S40] #zE Aol SAolrt. oo thsk a4 canister?]
| el

BeZh AAE £33 ¥ B2 F9 A7AV #4 Hle dom

=5 AAel 100C= Hoiglol =S h¥o] A EHL

x2
N

AdHt 3-10 ()& 2 257 S7Fgel met o w2 cyclesellA
3} =2 (Overgrowth) @Are] o & #AZ ¥ o83t 3} =2 Aoz

i

olal 20cy, 50cy, 100cyelA el GPC7F Z+zF tr=A #A&FH+= o

["_8{.',

dol BAE Ae & = Qlth VIEel A AtglelA #lE= Cp

ATA2]  canister £%E= ¢k 0~70C FFOoE B Aok

To

ZRow o et olgst 7P stel T3 Mdst7] A dummy cycles
A& 3L ok ZrOy, HfOy 2F 50cyclel] dummy cycleS R 3Ys)]F=
2L o Ry 7] 3 FFRo] AA JNAEE Ae sl FHelA
gE ZrO,, HfO,, HZO= EF ¢F 80~100cycles® dummy +3%8&

A & AdS Ayl oH@d %7l 3} FHel o7k A=
=

55



—
(A7)
~—

Growth per cycle [A 7 cy]
= 14 =4 =4 = =
N - L & o N

e
°

Number of cycles

&
FY
A
A A
ry
[ 2 4 & 8 10
Cp-Zr precursor feeding time [s]
.
»
.
-
.
20 40 &0 a0 100 120

Growth per cycle [A7 cy]
=]
®

o
Y

: T

e =
w & N

o
B

o
o

_
Z

Filim Thickness [nim]

2 4 6 8 10
C p-Hf precursor feeding time [s]
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_E siope 010394 : Sl o "
; & R'=0995 T i—.& ® ™ [
2 L sheE 008453 i‘o [& A
£ A N
2, B £08
= ,"* Cos -
- 20cy_Tin sub.
o 04 50cy_Tin sub. |1
4 02 100cy_Tin sub.
2l — T 00— - T T T
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(b) . GPC at 320C GPC &t 320C MNumber of cycles vs. THK [nm] at 320'C

»— Bummy 2r $0cy & 2102 [Aey]

+— Dummy Hf 50cy & HIO2 [AVey
25 & Dummy 21 100cy_2r02 [A/ey] 28] [T Dumm:HHDOiv&HIOZIIA-gy]'r
» [+ Can95'C_Dummy 2r 100cy 2102 [Aiey] <~ Can95C_Dummy H 100cy 8HFO2 (Al

GPC [Avey]
GPC [Alty]
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¢ s o DummyHI 50cy & H1O2 [nm] ||
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Cyeles Cyoles Cycles

I 3-11. (@) S 2kl W& FA9 GPC (b) o& A

Dummy cycle A& W& %7] 3} ZF2(Overgrowth) @7 7|4

g% ez FH 2Es o8 wyr YlEolth. mHxshibg o
AbE Fel dsks T wiue] FAHm AT Feh F49
vtoko] F2 fr) oo whe] CVD A% wks 71419 3atd whsof

CVD-like Zes T Aot F = EF  He

T3+ F mechanism®] A}k R JFAHSEAT ZrOo oF
330CHE, HfOxx= ©°F 370CHE CVD-like A&s Hole Zo=
o€t ol Ags FA= oYy, HO3¥%  Z039]
A ZFFAFD RS (DSC) ol A HE020] 352C Zr0.0] 316Co= oF
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°F 330C~340TC=

40T 77ko]l zbolvb= Aol A ARE Bl
E5e wE AF TS HZO ¥ube e o),
e Aol M F2 SAS HY AdAY o
Ax= Ead Zr0.9 ALD windowd AFgho]

AgtE Zolm, HfO,&= 12X ¢ 2 &% 99

Rolet dlipol Fhs et
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Growth per cycle [A / cycle]
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A% EAQo] b
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Cp-2ro, | ! -
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A < + L >
1 HfALD : Hf CVD like
]
) | Zr CVD-like

Zr ALD :

Deposition temperature [TC]

%" 3-12. Cp—Zr0:29F Hf029] &2 &% o wtE GPC

322 MEXN EM

Cp Z49
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o] etk

A& 7] (Roughness) = Cp

T-A ol Alkylamides

o uluf
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A
Z I = =~
1 73 5

9 = (density) ©] t}.
AT-A)

7b AlgAolt 19

%3t 5nm® TEMAS} Cp ZrO., HfO, 1811
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FE Hos5Z050201 ™3t as_dep AEfolA o] vlul @ HA Ayjo|u}
10nm Zr0.9] A% Cp’}F TEMA ©H] 8.2%, 10nm HfO.% %
10.7%, 5nm Hos5Z05022 A9 2.7% =2 vtek We 5 W), o]zt

A= Cp A4AS 12 52 9% intermolecular @ 8o] 7431

o4

o W@ impurity®] Gl A& oz oidEch gk, ubg
density S a4 gl o] A gojrtop & Fio] Uy <=3l Cp
A2 7F TEMA thH] =2 density® 22 o dl4S 27/7F S
T Atk Cp AFAZE 2 A9 AdE Hu ¢ 93E XA

2]

FE ek Wi E TEMA XUt} W2 densitys HIS 7Med%

F

A = vk [11] A9 3o Ade] vixles J&o] A7 W,
T

2 AgtelA e Cp 320C £ 330C 52 o] TEMA 280C 2
27 gy =2 v densitys Btk AES Ul
) Deposition )
Thickness Precursor Temperature Density
(nm) N (g / cm3)
(°C)
TEMA-Zr 280 6.18
ZrO, 10nm Cp-Zr 320 6.68
TEMA-HF 280 10.1
HFO, 10nm Cp-Hf 320 11.2
TEMA-Zr 280 9.16
Hfo 5270502 Snm Cp-Zr 330 9.4

7% 3-122 Cp AFAY 5nm HZO ®ubeA] HIO29 Zr0,9
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H & @& RBS 4 ARE Fall A0 E4s A3 s Aol

RBS #42 XRFE &34+ &lst7] o182 oxygen(02) & &<Rls}7]

sl AFEHATE 2" 3-145 T3l & AFelA FASE 2AH] EAE

sl At XRF Aol RBS w4 Ay o] A3 #AE Hol:
2

7 st Zre] H]& oiH] oxygen

N

sttt 19 3-13 [Hf + Zr]el

o

H &S 2 ZAyolty, HZO vk o 7Zre v]Fo] ZAE4E oxygen
excessol 7MHA= AE & & Auh ZrO.9F HIO, ©@dutoA=

Holx 9wl Al oxygen excess 7} HZO vHHS oA #HZE =

N

a

1
]

0,/ [Hf + Zr]
N
o
"
-

1.5 1

1.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Zt (at%) in [Hf + Zr]

1% 3-13. Cp AFE, FE HZO ®t=te] ZAJH)
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054 95% Confidence Band|
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[4)) 95% Confidence Band
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T o3 ] N

RBS(Hf at%) = XRF(Hf at%) x 0.935 05 BS(Zr at%) = XRF(Zr at%) x 1.044)

R? =0.999 R? = 0.999

0.3 0.4 05 0.4 0.5 0.6 0.7
Hf(at%)_XRF Zr(at%)_XRF

a9 3-14. XRFQ} RBS 4 A¥e] A3 A4 (a) HIO:

(b) ZrOg

I%¥  3-15%  10nm  HosZos0z  10nm  B2Hehs Alzbafeq
AFM (Atomic Force Microscopy) <Al 18t Aol Cp HZOZ}
TEMA HZO o] © %2 +F¢ RMS(Root Mean Square) #t=
Btk Cp ATA7F Alkylamide A€ v £& roughness=
HeloE A9 A7 oy, SRs] @ AT AdEo] Qv A
olytt, ¥ 3-42 XRR 4% &3t Roughness 2] ZAyzgtoltt.
XRR A3} gl E 5nm HosZosO2o14 F AFAIE {2 2H7F Kol A

okokr}, F AyES E33A, Roughness

|\
B
rc

ATeME= F
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()
(H03/203) Cp FE HZO 10nm

RMS = 0.224nm < RMS = 0.270nm

% 3—-15. AFM #4] A# (a)Cp HZO 10nm (b) TEMA HZO

10nm
Split Precursor Roughness | Average
[nm] [nm]
0.47
Cp 0.51
5nm 0.56
Hfy 521y 50,
TEMA 0.48 0.49
0.50

¥ 3—4. XRR #4142 Roughness ¥4 43}

¥ 3-16= Cp—HZO®| uW3gt hole pattern wafer (XY =
2800nm : 120nm = 23 : 1)°] thal 25nm target®® S& ¥ step
coverages =437 %k TEM #4  A3toltd.  Top(ty) =

overhang & 7] 30nm=z F#o] ¥ side(ts)+= 24nm, bottom
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(ty) 2 25nm=E 217t =45 t}h Bottom step coverager ©F 0.83,
side step coverage:s ¢F 0.8 EZ AALETE B AT Ag=
AFA Y] & T8 olA = aspect ratio (10:1) patternell ti3l] bottom
0.93, side 0.93°2% ¥2 coverages XAt} [13] 3FA9, aspect
ratio 5 o|¥ A7t 238 A& 7] wiel, & dAgelM e A=
e FEolthe Aol ® sk, 2 A9 Cp dAls AA
feeding?} ALD window 7}ellA €t saturation Ass HO|X]
stk ALDSE CVD Awe AAl Fxolrd 4ol JAqHL U=

ZAolgl #AER =4, step coverage FH7IE E3 ALDS 3%+

i

ol & A@=AATh. webd, @A Cp ATAY LE TP ALD

z7io] CVD Hth= ALD A-seol 7Hgthe ddo] 7hs3sttt.

112.2 nm,
1212
W17 8anm

|

P ¢ -
) i . i
’.\‘ i ]

} ;‘
I f-« b
i
ISIEIEIRIS Bl
| { } | R I
. | i’
! i
v & L 3
12
] s 5

18 3-16. Cp—HZO ¥vrere] step coverage 415 93 TEM
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B2 (a) hole pattern wafer (7F=Z: 2800nm, A= 120nm) (b) Top
overhang 30nm (c) Side : 24nm (d) Bottom : 25nm

3.2.3 5nm HfO,, ZrO, THYRte| ®I|H £
Cp A7A=Z AFFE HIO9 ZrOsol dWid 714 SA4=
543tk TEMA HfO», ZrO:% 5nm 502 A&ste] nluy o=
g3ttt 54 72 parameter analyzers AFEEF 3 10kHz2
Fubgro] A sweeps single WAle®E 0 ~ 1.4V, 0 ~ —1.4V, Z+
voltage step< 0.1VE F&3Ftt % 3-52 A 2d=3 1 43
zrolth. Current density [A/cm?]E —0.8V &} 0.8VeA e zke
B #Hoz P dukgoeF DRAMO A9 0.8VelA 1.0x1077
[A/em2]7F A FA2R ddAd Jrh. BE Z7oA] leakage
current’b DRAM 7|8 WA Xgloy, olest A3= Snmete
o wEe FAC] T]Qlsttk. AAlE DRAMel AEst7] fsiAE
leakage current® AoJst7] 13t F7F4<Q1 dopingelY interlayers
23} bandgap engineering®] & Q 3t}
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I-V measurement
Single film Precursor types I?FZ’[:?:;I”ET Thllcnk;; s orict R
ristine (430°C 1min)
Cp 330 5.491 (o] o
HfO,
TEMA 280 5.129 o o
310 5.422 (o] o
Cp 330 55 o o
Zro,
350 5.129 (o] o
TEMA 280 5.461 (o] o

¥ 3-5. 5nm HfOqs, Zr029] current density

324 27383t E4 HI A

|

5nm HfosZro70: ¥t 54 42 Cp AFAY 54& F45H
#HAe ALD &4 =& Foprle A digk AT HHo
HEgsdnt,. B A= Ferroelectric HZOO| gk o
A= 28 eE olsfsty] s &7 W&& wFAT. 1¥H 3-
172 AFE HZO 5nm ®epel] thsf 2 %5 320C~340C= 3t
% annealing F7< split ste] GIXRDE #A1e Azelty. 5nm
Hfo3Zr07022] 749 5nmol A% t/o-phase peakeo] #&EQom 19
3-182 XRD ZA¥s 43 Aoty (a)= (111)o/(01D)t-peak
position[2]e] 3+ A1 A2 as_dep & PMAE &gt uwpz} t-
phase W3dko g
as_dep¥} PMA %-9] z}o|7} A &A YERT (b)) 30.5% oA 9]

phase fraction®l] W3t #24] ZAztolt} PMAE Z3go upe} A4 3te
S

2457 s = AL AT 340TAAM =

M7k HelAAW 340C FF £wel 4% AYsE Awsl gashe
Ae o oAtk 79 3-19@E % 2= W Awd & PMA
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430C 1mine Z7Aoz I g To] p-v gz olt).

Ll

z13y
320C+ A3t o] F-=3lal 340CE AFE 540 #A4stal Pr 4t
o radsts 5A4S Belrh 330CelA 7 £2 Antiferro electric
EA4S 29, (b as_dep AHYAS 305% 7]+ peak
position(Z)¥} phase fraction($)= A8t Ayjo|ty, P-V 1o}
7ro] 330Co) A peak position®] t—-phase ®W3ko =z 71 9543 23
B 340Co A= o-phase WEko 2 AAZ 7 AP = AL el
g 4= Qlt}. Phase fraction SWHOA & 340C7F 7H =& A3 3h&
Holu} PMA %o 340T ¢ phase fraction®] IA #FA3E AS & &
At As_dep AEjolA 9 & o-phase ZA37F PMA 39 m-
phase® WHPES o2 FdHT. olgfd AwWol HAYUFE o-
phase°ol| A surface energy’} @< m-phase®2 AHo|7} 7}53sha,
A duxe] C7FE T3] energy barriers WS 4 i kinetic
energys 95 T Utk 7€ AT A= A o] Jhesi. [2-5]
ATE 3 Snm HfoaZroO0:01 4= 330C =xdo] 7P Ak F&

vkt 4E8s 9tk
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Intensity [a.u.]

5
2 161),
m-111) o{111)

s
1) 57

——AFE HZO 340'C Snm PMA_400'C_5min
——AFE HZO 340'C 5nm As_dep

——AFE HZO 330'C 5nm PMA_400'C_1min
——AFE HZO 330'C 5nm As_dep

| ——AFE HZO 320'C 5nm PMA_650'C_Smin
——AFE HZO 320'C 5Snm PMA_550'C_Smin
——AFE HZ0 320'C 5nm PMA_450'C_5min
1 ——AFE HZO 320'C 5nm As_dep

26 28 30 32 34
2theta

38 40

% 3-17. 5nm HfosZro70: HZO vrere] =2k 2% 9l PMA

Z7o] W& GIXRD #4 A3
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Q
S—r

| = (111)0/(011)t — peak position [?]]
T T T

30.60 .
e
5 |
= 3055
§. o PMA_650'C_5min
jg_ = PMA_550'C_5min 1
] 3020 = PMA_450'C_5min
= = PMA_400'C_1min
S PMA_400'C_5min
D 30.45 4 - -
= as_dep as_dep = i
A as_dep
3040 T T T
320 330 340

Deposition temperature [TC]

G

| m  (111)0/(011)t — phase fraction (A.U)|

)
< 500 .
8 as_dep .
= = PMA_550'C_5min
g = PMAZ650'C_5mig, )
E 450 PMA_400'C_1miin
g w PMA_450'C_5min -
| PMA_400'C_5min |
= 400
=
o
E = as_dep -
= 350 4 ® as_dep
=
=
~—
T T T
320 330 340

Deposition temperature [C]

¥ 3-18. (110)0/(011)t—peak®l thdt (a)peak position

(b) phase fraction #4] 2 u}
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Q
=
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O
-

40 30.46

- —320C o — 2
& 30f—330c = 00 =
E 340C © 8= S
2 0 %) o
Q 2 2 I
= 10p / -8 - 450 o
= 2 < 2
s of ‘}i 3045 2
= WL aQ
E A0F ; = 400 %
N p=y =
s 2r g 3 S
= B=3
o 30 5= 350 =
o — =
-40 30.44 . . . ~

2 -1 0 1 2 320 330 340

Voltage [V] Deposition temperature [C]

% 3-19. 5nm Hfp3Zro7020] ot 2 &% W& (a) P-V

T (b)GIXRD A¥E 53 peak position ¥ phase fraction 4]

3.3 ﬁ‘?‘iﬂoﬂ qu'% 5nm Ho5Zro502 F—T}‘é H]ﬂ

3.3.1 5nm HZO 2tErel ®M|of wE 7|18 4

5nm HosZros0z B8-S [3.1]19] A& W =4 27 wpg) vhuks

Azl P-Vel 1-VE 543t PMA X3S 450C 1&°]x

—

wake—up F72 1.5V, 10%cycle, 1kHzelth. 1% 3-209 (a)9}
(b)+= pristine AElelA 9] Cpet TEMAe®] tjgt Azojt}, TEMAS]
7% pinched ¥ 545 RHolH -V AL F 7l peak #=
Holth dntdow olys F Il peak @< internal bias7}
ZA3= AEo]al, internal biasyE UH9 E<+Eo|Y oxygen
vacancies 5°] 9IS v oz A A Qlh 3-209 (o), (D&
wake—up & Aottt Wake—up FolE= F AFAL HZO EF
A4 EAES HOlY, hysteresis®t -V ESF Cp—HZO7F

TEMA HZO tjv] -3t 35 Bt
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40 120
g 3 sof
5 20 F 20
L__.:{ 10 i
5 o e
£
E 10 3 40
S 20
e 80} ——TEMA 2V PV (pristine)]
-30 ——Cp 2V PV (pristine;
=3 K] 0 1 2 B ] 0 1 2
Voltage [V] Voltage [V]
(© )
40 120
‘%. 30} 80
20}
g 10f é 40
5 o 5o
T 10} 5
E [3) -40
S 20}
'?_ 80 ——TEMA 2V PV (wakeup)
=30 ——TEMA 2V PV (wakeup) ——Cp 2V PV (wakeup)
| Cp 2V PV (wakeup)
40— -1 0 1 2 B El 0 1 2
Voltage [V] Voltage [V]

% 3-20. Cps} TEMA A-FA9] 5nm HfosZros0201 #7] 3

£ Pristine (a) P=V (b) I-V, after wake—up (a) PV, (b) [-V

Cp2} TEMA HZOe°l W3st 44 (dielectric permittivity) ¥ A
9 %= (Current density, A/em?) el th3t =34 Ays= 19 3-203 2ok
o] 43&5 A stH 3% 3-63 ok F v &S +1.4V 7

TEMAS} Cp 2zt 3149 3272 fAMSE & Bl 2P #&

o
=
rlr
W
o>
Do
o
o
-
o)
lo
i

pristine 35.13% 32.1& X3t} Wake—up
TEMASt Cp F "2 fd&3 2P, e fFASE FFEo=
gelyQlrt. ¥k current density =W TEMAS$H Cp= 7 24 x 107°
A/em? 3.0 x 107" A/em® 22 1 order X9 o] Cp—HZOZ}
TEMA-HZO dj®] 3 545 B Skd P-veh I-V
gz Cp—HZO7F Auho=zm 2953 AxE: Ho oo

o] 2] & leakage current 54 o7} QAglS Zolet dekdT)
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permittivity [¢]
3
t de|
3

= Cp-Hf, ;Zr, ;0, 5Snm
—— TEMA-Hf, Zr, .0, 5nm

N
o

5 10° = Cp-Hf, Zr, O, 5nm
010_10 = TEMA-Hf, 71, O, 5nm

+ g 10°

n
o

45 -1.0 -05 00 05 10 15 1.6 12 0.8 0.4 0.0 0.4 08 12 16
Voltage [V] Voltage [V]

% 3-20. Cpe} TEMA A-FAQ] 5nm HfosZros02:2 #7] 3

EA4 (a) 4% (b) current density

Dielectric constant 2Pr (uCIcmz) Leakage current density
Precursor 2
at-1.4V/ +1.4V Pristine / wake-up (Acm’) at-0.8V/+0.8V
TEMA (PMA) 28.9/314 35.1/46.2 29x10°124x10°
Cp (PMA) 2801327 3211446 97x10°13.0x 10"

£ 3-6.Cp9} TEMA AT 5nm HfpsZr050:2 H712 E4

3.4 _;}_11]-651 Ho5Z1r0502 Q%

AWEA © = hafnia thin film® ZFF84dL filme FA7F Aol
et wj-- A Faske Aoz deA Qv 6nm olske] FAol A=
non—FE interfacial phase”} AA W2 tin] xpA|sk= vlFo] AX L
grain size effect® 93O 2 FE o—phase gAo] odAH} [17—-20]
o—phase? AAS 57] 93l dopant, strain stress, oxygen vacancy
S WHOZ t—phase? surface free energys Y3+ WHE9]
AT Qloh [2] ESH, bottom electrode®}t top electrode?te]
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thermal expansion coefficient =}o]E o]gslo] ZFF-AA] Hluloj

:

tensile stressE ¢17}6l9] o—phase? AL FE35t= AT A E9]

;

Atk e AFM= 7HE =2 tensile stressE X%k 6nm
TiN/HZO/W  FZol4 2Pr 62.4uC/cm®?] ¥ A3 e B
TiN/HZO/TiNe|M = 2Pr 35.8 uC/cm®Z ¥ 172 5nm HZO2 2P
32.7 uC/em®3t FARE Anghs Btk AT 9 A4 EdolA

TiN/HZO/TIN #rote = 6nm v|%9F #rbol A (44 hysteresis

i

S #Feldx] Es¥a bottom W electrodeol A% 4.5nmel A
hysteresis ZrA10] &%t} [20]
oyl A7 AMHES Ea& TIN/HZO/TINS MIM 2o A]

7}A @l dopantY interfacial ¢l¢] FE o-—phase ®HS fE3h=

!

AL W ofge Aotk & dAvE 12 ALD ¥¥E 3 V€
del AAsht A714 S4el 5% Cp ATAE Al

TiN/HZO/TiN ¥tet 2o A 5nm ©]38te] ultra—thin HZO B}t

ofN
By
rlo
kit
1o

1
2
Ak
ro
kit
BN
A
o
=

F 4L AYsA Aoz
A7 Zadel wet leakage Aol A HIFo] AX7] wRel,

leakage A&2 A|73t9d FE o-phase? switching domainEs9)

oX,
™
[-‘El
ftlo
f

7] 913t DLCC (Dynamic leakage current compensation) <

B3 oAl 3 A4 9 o—phased % AHE HFES U
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341 Cp BPHZ &3 HZO 2H2tO| ultra-thin A A 2
Cp AFAE o] L3t ultra—thin HZO ®rak =3 ew= 330C=

MAAEHF I canister &5+ 100TC, step sequencer DFM WAl
A g3lo] 3s feeding — 12s purges 23] HHE 3 ozone 5s, purge
16sE Agsl= AS leycle® A3Ys}SIh. Carrier gas= N2 50scem,
Purge gast Nz 500sccmO® A3 3, Oxidizer= 03 220
g/Nm’=2 d4stict. TIN/HZO/TIN whut Z22 X5 A3 Fvl9)
FASA AYHJ A AR vpAIE o] gste] AR AFS Akt

¥ 3-7< ultra—thin HZO A9 Aoy, 77 2-183 o]
ulukol =7} gkol A= A A 3le] Q3 thermal budgete] Z7}3tc},
5nm ©]3F2] vruho)l A 9] thermal budgets S7FA1717] 93l deposition
255 330CeA 340TC, 350C= <7Iskslal, PMA =A% 400T

RE 700074 LEE FAAAA HUE FH stk T SRS
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O : P-V measured X : P-V not measured

Annealing time : Tmin

tg;':’:i:l::e Thickness [nm]
400°C 425°C 450°C 500°C 550°C 600°C 700°C
S5nm X (0] 0 (0] X X X
330°C 4nm X X o} X X X
3nm X . X . ) )
5nm X X o} X X X X
340°C 4nm X X (0] X X X
3nm X " " . 5 )
S5nm X (0] o (0] X X X
350°C 4nm X X X X X X
3nm X . X . ) )

¥ 3—7. Ultra—thin HZO ¥ru}e] H7|4d 54 45 9

o
>
fuied)

X4l

3.4.2 5nm Hfo.5zro.5o_2 I:|—|I-|1||-0'” EH@' AEI_é_:-nI 7Ed-T'—

_

7% 3-222 HZO 5nm wee] F& 2%5 330/340/350C o %
=Z % PMA 450C 1+ X3 & Aol (@9 (b= 44
pristine A ENA el P-V, I-V 2820t} -V 542 ®1 330T
S M 7P 533 current peako] FAFH S 3507C
Z7e A= leakage current’} S 7Fsk Zlo] Ity P-V I E
&3 2P, g SHelA 330C7F 7HE =2 AdgE Holil leakage
current’} AA wrd® AL g & £ 9k 330C9 ARt b
Gk 212 ol e g Ayl dAE

% 3-23% #HAgE HZO 5nm #9He] (a) P-V (b) -V A%
Zrolth. Wake—upe 1.5V 1kHZ 10%yclee 243+ 1 pristine iy

=2 Pr a3 ¥ =11 leakage A Fo] 2 current peak #o] FAAH
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10f 20} N M )
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Abstract

Study on ALD process conditions of ultra—thin
HZO using heteroleptic Hf/Zr precursors

Hani Kim
Department of Materials Science and Engineering
College of Engineering

Seoul National University

Recently, studies on applications such as DRAM, Fe—FET, and
FTJ to which doped—HfO2, which is most widely used as a high
dielectric material, are applied are being actively conducted. Among
them, HfO. thin film doped with ZrOgs is increasing in importance as
a substitute material for DRAM capacitors. Doped—HIfO» has various
phases depending on the concentration of the dopant and applied
heat conditions. Depending on the purpose of use, a tetragonal
phase with high permittivity and a non—symmetric orthorhombic
phase with ferroelectric properties are being studied. Research on
doped—HI{O;, and ZrO, thin films from various perspectives is being
conducted, and research on ultra—thin thin films for improving the
integration of thin film devices or capacitors of DRAM where thin
films are used is also being actively conducted. Ultra—thin thin films
with a thickness of less than 5 nm have problems in that the leakage
current from the physical thickness and the influence of the
interfacial between electrodes or materials are relatively greater.
For this reason, the remnant polarization rapidly decreases below
10 nm, and the ferroelectric properties deteriorate.

In this study, we tried to realize the ferroelectric properties of
ultra—thin HZO of less than 5 nm in the most widely used TiN
electrode by optimizing the ALD deposition conditions.
Characteristics of HZO thin film through Cp—Hf and Cp—Zr of
Cyclopentadienyl structure, which have advantages such as better
thermal stability, higher density, lower impurity, and excellent step
coverage compared to the precursors of TEMA—Hf and TEMA—Zr
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used previously A study was conducted to improve, and for this,
high—temperature process conditions of 330 degrees or more were
applied. In comparison with the TEMA precursor, 5 nm HZO thin
films deposited through high—temperature process Cp precursors
showed higher film density and improved leakage current
characteristics on the order of 1 order, as in the literature. In
addition, it was observed that the Cp precursor showed superior
characteristics compared to the TEMA precursor in the analysis of
the ferroelectric hysteresis curve and switching current. In addition,
in order to find the optimal temperature condition for the HZO thin
film deposited with the Cp precursor at a thickness of 5 nm or less,
the deposition temperature was set to 330 degrees, 340 degrees,
and 350 degrees, respectively. proceeded with through these
temperature conditions experiments, a remnant polarization of 2P;
32.1 uC/cm? was obtained at a deposition temperature of 330
degrees and a heat treatment condition of 450 degrees for 1 minute
at 5nm, and a remnant polarization of 2P, 22.3 uC/cm? at a
deposition temperature of 340 degrees and heat treatment condition
of 500 degrees for 1 minute at 4nm. In particular, the
ferroelectricity of the 4 nm HZO thin film showed a significant
result that has not been reported in the MIM structure of
TiN/HZO/TiN.

Finally, as a way to solve the limitations of measuring electrical
properties of thin films due to the influence of leakage current due
to thickness reduction, a measurement method to remove leakage
current was applied. The presence or absence of ferroelectric
switching characteristics of 4 nm and 3 nm HZO thin films was
observed, and current characteristics showing ferroelectric
characteristics other than the resistance component of the thin films
were not found in 3 nm.

Keywords: HZO, Ferroelectric, Cyclopentadienyl precursor, Atomic

Layer Deposition, Ultra—thin film

Student Number: 2021—-22678
By Hani Kim
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