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Abstract

Since the first report on ferroelectricity in Si-doped hafnia (HfO2), this emerging ferroelectrics have
been considered promising for the next-generation semiconductor devices with their characteristic
nonvolatile data storage. The robust ferroelectricity in the sub-10-nm thickness regime has
been proven by numerous research groups. However, extending their scalability below the 5 nm
thickness with low temperature processes compatible with the back-end-of-line technology. In this
review, therefore, the current status, technical issues, and their potential solutions of atomic layer
deposition (ALD) of HfO,-based ferroelectrics are comprehensively reviewed. Several technical issues
in the physical scaling of the ferroelectric thin films and potential solutions including advanced
ALD techniques including discrete feeding ALD, atomic layer etching, and area selective ALD are
introduced.
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Fig. 1. Number of new publications (green squares)
and citations per year (red dots) on the subject
matter according to a Web of Science topic search
(“ferroelectric” or “piezoelectric” or “pyroelectric”)
and (“HfO,” or “hafnia” or “hafnium oxide” or “ZrO,”
or “zirconia” or “zirconium oxide”) from 2011 until
September 29th, 2022.

ferroelectric random access memory(1T-1C
FeRAM)Q] 3¢ A AAFOZ A2 JA|o)A]
b AL A|$HA Q] niche marketo]] HEE1
A= AHolrt,

201149 metal-oxide-semiconductorgh= ¥k
TA &AL 712 &Y &Xpe] Ao|E Add &
A9l 4ks} stZw(HIO)oNA A do] ¢d
2 5 At 23t A4 F2E BIEQH[2]
HfO,9] A% ¥ 229 AHFLoA ojH &
T, 48 2ANNE A 2AAol BI1A]
A= Aol AHA Q7] W&o, [3] ol= WE =
22 A NME FRHAdo] YEt= HA
of gt gt =27} oA 7| = Pt 7
A dd wAYSZ HE =2t EAE o

IFNA tFst THE] o5 HfO, 4

4 4o © o &

1o ¢ o\

—

ool A AA Fet Ardgel f=E 4 A
+ A¥sol BAE, o et e &
7

«

“piezoelectric” or “pyroelectric” and “HfO,”
or ‘hafnia” or “hafnium oxide” or “ZrO,” or
“zirconia” or “zirconium oxide” = 7=
2 A" AR HIO M #HdE =559 4
T A #gket o9 HelE 4 WHIkE 19
Jjzolnt. 19 1914 & 4 Sl%e] 2021¢9
AZF =5 =471 3899 o]25 o H, HQl&
+= 10,5733 o]& &= A9 & =
T At

2624 Wmels Ao 740 ueh tio
ge7t Hssie, b dEHoE YHA 9
£ 379 ZaAA HEEE 1T-1C FeRAM,
ferroelectric field-effect-transistor(FeFET),

w - rr

ferroelectric tunnel junction(FTJ) &©°]t}.
FeRAM=2 18 2a°l4 & 4 %°] dynamic
random access memory(DRAM)3} H]=3H Al
= 7H]AL oy A APAIEHE 5247
7] $13iA= plate lineo] EAs}tofof SIEE T
= Al 3718 7HAA =l JA = WA tE
HEHET oFHS 7HA AL = Aol IHA 3
Th. FeFET+= 19 2bolA & 4= 3l=°] MOSFET
B 7|EH0 g FU R E 7HA AL 2t Ao
AAdt Ao A7 AE 25 7HA
ALt ACIE AAe] E= AHof w2t Ao
BFE A Q99 conductance’} B o R

it Rt (m

Fig. 2. Device structure and operation scheme of (a) 1T-1C ferroelectric random-
access—-memory, (b) ferroelectric field-effect-transistor, and (c) ferroelectric tunnel

junction, respectively.
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Fig. 3. ALD process for HfO, using Hf(N(CH,)C,H;), (TEMAHf) as the Hf precursor and H,0 as the
reactant. (a) precursor injection, (b) self-limiting surface chemisorption reaction of Hf, (c) reactant gas
exposure, and (d) ~OH surface formation. Ligand refers to N(CH;)C,Hs.
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saturated polarization, remanent polarization and coercive field, respectively.



252 Younghwan Lee et al./]. Surf. Sci. Eng. 55 (2022) 247-260

A2, ATAY A8, ska TR A, g
7hs F9 ARE o] It

WA 53 LEE MY 5% 34 9e 5 i
2, 4eB 55, ARY D1, 598
i g

9] ALD 9¥%%+= 200-350 € kil JropEoi x| 1L
UoH, FES =2 PrafZ @7] fg HHY F
2k &%= 260-300 Tl A Ao [16]. T
oF ALD 99 HT} =2 2LoA A5 S F
go] XPE 3L A AFoHA % A e E&
2 A3t ELE 59 IV UEUA "t
ALD 9=9-HTh W2 2Loi= HAFA7F &
HA] 2 0} Xﬂtﬂ U &50] dold & 32
a2 Tl XH“—% EL&ER
o %H Xd% E4E Yetll= X viEAst
dxii=g :LE*OﬂE E o}
W E?l 220 TN = 4 A
iF51R] 1 S~n HESEO)
d XﬂoPO% uﬂ% 29 2718 &Y
o] ERIF7 = stich.[17] o= & 239
W SHoA el 7o E o]ofXItt,

Liao 9 A+XE2 (18] 24Ee =271 4 2
Y AA EAo] ALD Alo|& A|HAE ZETHO
2R AAE = AvheE AT Z3E BIsHT
HfO,-ZrO, & S&5t7] I3t A4A Alel& AlE
A5 2t 23}, Hf-5cycle-Zr-5cycle 2 32}

;Eﬁi ] /q 7].;(1- Zre. 449 37] 9]. 7].;(]— Zo
EZHA S el Zro] F28 S04 2 3

237g0] Hio] St SoAET A dofued],

i

ol
o
oo

)

L
Hir =
ot
o N,
olN
)Jl

o>
ot
)
N,
i
A|m
oZ:
mlo _1

oO_Nuﬁ
_L:>-r‘
nq:%
817'1
—|—‘lO
_IEOINH'U
N
H

I ) IR

0]7/4\0] e Fl@ ﬁx%A}_q oﬂ/\ﬂldljr /dﬂoi o]
OJZ|A &= Zoltt. o] W Zro] FH3 59 /E
A BA7 52 g AHY 4R ARG 5

UAE S55] gfotof gt o|Ex 2 Y EA42
ALD AEA9] 248Z B3 AlojE &= A

StH A Q] AE Al H
ol ¥F= €. Materano & AFA
2 CpHfIN(CH,),l5, CpZrIN(CH;) 133 &
2 cyclopentadienyl AFA|Z S35t vy
o] tetrakis[ethylmethylamino] (TEMA) A
TA 7|5 vt Ho 5 B2 AR ESE %E
o =2 49L& VIS HAsHqH.[10]
tetrakis[dimethylamino] (TDMA) ZA) ]1_
dito A= 289 27171 BRA4d APHEA A

f

5
=
-
BX
)
Al

o] eHgato] Zgtste] TEMA A4 7|5t Bfato]
Hlo o W2 AF g ESE 559 wake-up
a3to] 7o) o] Fofo] HalE7| e shtt.[19]
TEMA A7A19] 45 == FHE gdav)
A @Es= o] ®H| TFSHA =iz, o] o]
5 &a FEOIA 2.3%2F 3.9%= Aol 7} KTt
opzjalo 2 Abs TFY0] Aeiyl Abs & A
2t QAE HFO, 719t 737/ Hehel mA -z
of IF= —"-it‘rL 7ol gg WolEof AL gt
2] AR EE At TEYE2 0.8, 3 At
o2 Rl Ax FF T A-E] AaAAFH
Az o2 x| Y-S MAAA o I8
ok SiA 4 0,7 419 AlElel A ofu,
A7A Y e 9 22 2= 2 et e

4 upuke) 4714 40 vl 3% A e
A dde A5 AR A, R AT 5

At =2 FYVE 2= P20 HE Ve ©
off thA] A4 %"T} 0 2 A4 H,0,7} A+57| %= 5
Act[14] 3H Oy =& AI7R vhut W AtA 35
o] Ao I o] 2Foz 4 AF Y
T+ 9 Bl Oﬂ FYFS Fot A4 ¥ES 71A| 9
’—‘]’OL 730 F2 YA
1, ol =& A
7+ Z4A 3 e i H]%%ﬁ*é E}/\Véﬁﬂs’f] AE
2 Aog dga 4= Itk [20] Mittmann
9] AFAL O, & Al7to] 4 AFL} A3
glolg HE&Ao] v|X]= FFol il Aottt
1 A3} 10% o4 O, 7IAl0 eE3AlE HS- +4
AF7F & 27 AR F7FotgoH, o] A
= A4 A8 FF o2 lIg Hhato] ZHfi A= F
S8 fi&olgty BN B3 0,2 YUF &

ELHN«L

A FUT HS 57 5 ATAL) BAAG WS
o= Qg 4 AR F77t B, Holg
BEHL 0, 7Y A2 1274 Z7H17] 1

2t 2|&35te] S716tAAL, o] W Y- E(imprint)
A= 7HE A= A [21]

3. HfO, ZR/TA| 718t Bt=x]| AKXt
et x|t 11 ol A=Y

A5 FEHL o]8sto] TE FRA HIO,

PN 2S48 SIAE o of et

A ofelgo] EAT} B3] 249 A83to] o

Aol AL & Ak B AFY 2 7Y

o] gzt SAElofof s, 264 HO, 7]



Younghwan Lee et al./]. Surf. Sci. Eng. 55 (2022) 247-260 253

gt 2219] AlEAdS =017] HdiA= A2 wake-
up B3, 52 Y+4(endurance), 71 HE4
(retention), ¥ F+4 HF(leakage current), &=
2 5& £ (switching speed), 181l ¥ 52+
ZU(operation voltage) 5°| 7=} [22] &
A A% olEtt EAAES HIO,Y 315+, 4
Fotd, a9al uhRF o] 34 EstEz ZF
Asta g A(polymorph), 28 Z7|(grain
size), THE 9 A%t 5 (dopant and defect
concentration), 2454 "WFE 2 (orientation
distribution) 5= W&o 24 FYsHA =
+ kgo] "Hgsit}t. £3] 5 nm FA2] HfO, &2+
9] F9 HfO, 2% <F 20 unit cello] +2|o =2 &
o Q= A} H|Sith=E RS 7RIeHH Ao
2 FYU3 HIO, S W= Aol Ads] ojgda =4
Q1 URIA] & 4= U}, o] FEo A= LAS F2F
HE o] 83 Akg) olg 7|RF AR W= &
A7t gt A2k o] & 5 & = A H
A5 52 71l thsf| A&starx} g

YRS S2H-E o]-83 HfO, B &Z7} vt
T A AR A= FLe THE ¢ 239 &
T 9 E3¥X(concentration and distribution of
defect and dopant) @ wj118]& FH A&7 9
StH o 9hA AT3io] HIO,9 9As S
2 Hf AA| et AkstA| o] uhEZA Q] 9082 dF
A9 HIO, 7t 2= =, 7374 HIO, oA A
|5+ fFE9 THE &= FUskHs Hf A
TAt THE AAA9] Al Hl&= AA0]
Ho} 9 & 5°1, 10nm 419 HfO,oA <F 5%
o THE FLE A7] YdliA+= = HE A4
100 At Z/=HE WA 5 Alo]E F=9| Hl&
o] dasitty L&A ot FFA HIO,9 A
7t A8 RolA= 29 7«4 8+E ALsHH
F2 A9 HIO, & @71 HsiA= AAAA A
TA L] FYAIESZ HAA| A BT &, T
A HIO,Y FAIE R&rs 4T & U= =3
E HFA| Ato]Zo] 1-2 A]EE AgtE =T
A3t Aol= e 2 2S04
E s 9 ExE A7] JY o &It
ESF AR SR o 7 dojx|= fjR o] vt
a2 o] 23} thE2A FAF O R HAS-HAS T
Bl F2fo] o] X7 ojE& ALE UHA 3

e

e
e
L
I
o

Ol

o AAE= Aol dojur] 42 A &
A& Aol WA dojual thg ApolZoA &
A A XY ¥ FHo = dAst= A A%
(island growth)o] ot} .[23] o] A2
HES A5 AZA e A2y o=r A nict

At +2A I H7H EA4Z A7) A T

Hf 571y 50, BF29] S+ 3H7gof

9l thermal ALD WO &2 FAHH
H| 5= A5 A5ttt 18 S5a= Kim &
o] oA &EgH HAFAQ! thermal ALD W
3} &85 DF-ALD (DFM) ¥ 9] 54 mtetolH
ST 34 HAEE g9Fcto] HojEr) 7oA
E 5 A% 3% A7A Y L vE4 714 o
A GAE Ah FE5Y FY Aol o whEst
E gaog Agstgoy, A1 F A7 ¢
315:0] oz} of# DF-ALD 343 BH7stsich
19 5bofl= 5-8 nme] ©heFRt =4, 400 2 500
€9 243t A 22 53 = JIAY A
29l ALD ¥huta} DF-ALD H¥hate] TiN Abehs
A= S8 APAE 2049 BF-HA o]
FZ A4S 29Fs1th 7-8 nmY FA A= A
&21?! thermal ALD®} DF-ALD ¥9}9] 54
A zpo) 7t FEHAA] = wHHol, 5-6 nm9] H
o2 FA0AE IHNA & F X0l JFRE
9] 371 DF-ALD 3304 FEA = A&
& 4= Ut o]&= AHE ALDE E=Y5to] gt H 9
% 2he]

(2o
-
__).J_A“
N
AS)
i)
2,
2
>
)
55
rlo
)
4
M
N
N
o

Al ofal o] & Foll 1YL= Heke AT £ 3
+ DF-ALDS] Z3o] W d Ao 2 oJsf=1 9]
ot O 5¢9 #& 9 5 mido] 22 400 ©
2 500 ColA A2ASIH Hf, s Zr, 0, 22| =7
of W2 2P, %9 ¥s7t 89F= o] 9loH, 6 nm
400 TollA DF-ALDE &3l HZO Hate] 273}
7F 32 2EoAE 7]E ALD &40l H|a| 24
Stel= AL 1T 4 ok E3E 500 TolA =
5-6 nm 59| 2P, gto] &2 0 ALD #Ho
H|5 DF-ALDOA &4d RS 1T 4= ot
o|& &9 DF-ALD7} ¢f2 =704 ¥ &2 2



254 Younghwan Lee et al./]. Surf. Sci. Eng. 55 (2022) 247-260

Fig. 5. (@) Summary of process parameters and process schemes of
conventional ALD (base) and DF-ALD (DFM-n, n=1-4) utilized in the
previous work by Kim.[Kim Ms. thesis] (b) The polarization—electric
field curves of 5-8 nm-thick Hf,sZr,s0, film sandwiched by TiN top
and bottom electrode, where the Hf,sZr, 0, films were deposited
using conventional ALD (black curve) and DF-ALD (red curve) (c)
The changes in 2P, values extracted from the P-E curves in figure b
according to the changes in film thickness for the 400 °C (left panel)
and 500 C(right panel) annealed cases. Reproduced from [25] under a
CC by 2.0 license.
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Fig. 6. (a) A process scheme of atomic layer etching consisting of fluorination (left panel)
and ligand exchange (right panel) steps. Reproduced from [28] with permission. Copyright
2022, American Vacuum Society. (b) Simplified process flow for ferroelectric tunnel junction
fabrication including thermal ALE of the ferroelectric hafnium zirconium oxide (HZO). (c)
Etched HZO thickness as a function of ALE cycles measured by spectroscopic ellipsometry (SE)
and x-ray reflectometry (XRR). (d) Tunnel junction read current in the ON- and OFF-state as a
function of the HZO thickness. (e) Tunneling electroresistance (TER) and read voltage (Vread)
as a function of the HZO thickness. Figures b—e were reproduced from [29] with permission.

Copyright 2022, American Institute of Physics.
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Fig. 7. Cross—sectional transmission electron
microscopy images of (a) Mo/Hf,;Zr,,0,/Si0,/Si and
(b) Mo/Hf,3Zr,,0,/TiO,/SiO,/Si capacitors with Ti
sputtering times of 12 s. (c) Polarization—-voltage (P-
V) of Mo/Hf,5Zr,,0,/Si0,/Si and Mo/Hf, ;Zr,,0,/TiO,/
Si0,/Si capacitors with Ti sputtering times of 12, 20,
and 25 s. (d) Endurance test results of Mo/Hf,3Zr,,0,/
TiO,/SiO,/Si capacitors with Ti sputtering times of 12 s.
Reproduced from [35] with permission. Copyright 2020,
Royal Society of Chemistry.
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Fig. 8. (a) Flow chart of the sequential, no—atmosphere processing
(SNAP) deposition to fabricate the ferroelectric Hf,sZr, 0, metal—
ferroelectric-metal (MFM) capacitor. Bottom TiN-Hf,:Zr,:0,~top TiN
is deposited sequentially without breaking the vacuum. (b) Energy
dispersive spectroscopy (EDS) elemental map achieved via cross—
sectional STEM images. (c) P-E hysteresis loop of the SNAP-
deposited MFM capacitor, and (d) time—of-flight secondary ion mass
spectrometry (ToF-SIMS) depth-profile of the SNAP-deposited MFM
capacitor annealed at 800 C. Reprinted from [36], with the permission

of AIP Publishing.
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