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Abstract The semiconductor industry faces physical limitations due to its top-down manufacturing processes. High
cost of EUV equipment, time loss during tens or hundreds of photolithography steps, overlay, etch process errors, and
contamination issues owing to photolithography still exist and may become more serious with the miniaturization of
semiconductor devices. Therefore, a bottom-up approach is required to overcome these issues. The key technology that
enables bottom-up semiconductor manufacturing is area-selective atomic layer deposition (ASALD). Here, various
ASALD processes for elemental metals, such as Co, Cu, Ir, Ni, Pt, and Ru, are reviewed. Surface treatments using
chemical species, such as self-assembled monolayers and small-molecule inhibitors, to control the hydrophilicity of the
surface have been introduced. Finally, we discuss the future applications of metal ASALD processes.

Keywords: Area selective atomic layer deposition, Elemental metal, Surface treatment, Self-assembled monolayer, Small
molecular inhibitor
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Fig. 1. (a) Schematic of ASALD. Film growth only on
growth surface (GS). Methods to achieve ASALD. (b)
Precursor adsorption only on GS. (¢) Reactant adsorption
only on GS. (d) Surface deactivation on the non-growth
surface (NGS).
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Fig. 2. (a) Two different nuclei free energy for nuclei
formation on GS and NGS. (b) Energy profiles for ALD
nucleation reaction using allylCo(CO); at the OH/SiO, and
H/Si(111) surfaces [16] (Reprinted with permission from
[16]. Copyright 2014 American Chemical Society).
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Fig. 3. (a) Chemisorption on defect or impurity existing at
the nongrowth area. (b) Nucleation by adsorbate stabili-
zation. (¢) Over deposition or insufficient growth at the
corner or edge. (d) Conversion at the non-growth area from
passive to reactive chemisorption sites. (e¢) Adsorption of
diffused byproduct becoming reactive site at the non-growth
area. (f) Transported etch product adsorption creates reactive
sites in the non-growth area [9] (Reprinted with permission
from [9]. Copyright 2020 American Chemical Society).
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Fig. 4. (a) Schematics of the super cycle including etching to
solve the limitation of ASALD by surface activation. (i)
Unwanted nuclei island formed on NGS. (ii) Island of Ru
etched. (iii) High selective Ru film achieved using super
cycle. (b) Graph of Ru film thickness to cycle on Pt and SiO,
substrate with etching step every 100 cycles. (c) Graph of Ru
film thickness to cycles on Pt and SiO, substrate without
etching. (d) SEM image of 800 ALD cycles on a Pt(bright)/
SiO,(dark) patterned substrate with etching every 100 cycles
and (e) corresponding EDX line scan. Ru and Pt signals
were rescaled [17] (Reprinted with permission from [17].
Copyright 2019 American Chemical Society).
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Fig. 5. AES elemental maps of (a) Ru and (b) O of SiO,
deposited on the patterned sample [19] (Reprinted with
permission from [19]. Copyright 2021 American Chemical
Society). (¢c) Corresponding SEM image. SEM images before
(d) and after (¢) Cu deposited on Pd nanostructures [20]
(Nucleation and growth of copper selective-area atomic layer
deposition on palladium nanostructure, J. Chem. Phys. 147
by J. Qi. Copyright 2017 by AIP publishing. Reproduced
with permission of AIP publishing in the format of figure via
Copyright Clearance Center.).
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Table 1. Precursor, reactant, deposition temperature, GS, NGS, and patterning method of elemental metal ASALD by surface activa-

tion organized by elements

Temperature

Elements Precursor Reactant ) GS NGS Patterning Ref.
Co(tBuNCHCHN{tBu), C4H N 170-200 Pt, Cu, Ru  CDO, Si, SiO, Shadow mask 21
Co ‘Bu-AllylCo(CO); C,HgN, 140 Si SiO, X 16
Co(tBu,DAD), C,H; N 180 Cu SiO, Electrodeposition 22
CoAMD H, 165-265 Co Si, CDO X 23
Cu(thd), H, 150-220 Pd SiO, E-beam lithography 25
Cu Cu(thd), H, 135-230 Pd Si0,, SizN, X 24
Cu(thd), H, 190-230 Pd SiO, E-beam lithography 20
g Ni(Chex)(Cp) NH; 340 Z ‘:Z;‘;ltzn‘;f graphene X 26
bis(1d-di-tert-butyl-1,3- 0 by 150,105 Pt, Ry, Cu  CDO, Si, SO,  Shadow mask 27
diazadienyl)nickel

MeCpPtMes 0, 300 Pt SiO, Ion-beam direct writing 28
Pt MeCpPtMes 0, 300 Pt Si0,, ALO; E-beam direct writing 29
MeCpPtMes 0, 300 Pt SiO, Ion-beam direct writing 30
MeCpPtMes 0, 300 YSZ SiO, Hard mask 31
EBECHRu 0,+H, 150 Pt, Ru Si02, AL,O;  E-beam lithography 17
EBECHRu O,+H, 150 Pt, Ru Si0,, Al,O; E-beam lithography 18

H, plasma treated  H, plasma
Ru EBECHRu 0 325 PPN et e X 32
T-Rudic H,O 150-200 Si SiO, Photolithography 19
RuO, H, 125 Si SiO, Contact printing 33
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Fig. 6. (a) Self-assembled monolayers (SAMs) (b) Static
water contact angle on SiO, substrate and (c) static water
contact angle on OTMS SAMs on SiO, substrate [35].
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Fig. 7. Schematic of ASALD by area deactivation using
SMI. (a) SMI dose, adsorption, and deactivation on NGS.
(b) Precursor dose and adsorption on growth area. SMI
block precursor adsorption on NGS. (c) Reactant dose and
reaction with both precursor and SMI. (d) Precursor dose
and adsorption on growth area. SMI blocks precursor
adsorption on the non-growth surface. (¢) Reactant dose and
reaction with precursor. Most of the SMI does not react.
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Fig. 8. AFM image (a) of the patterned OTS-SAMs fabricated
by microcontact printing on Si substrate, (b) of the patterned
Cu thin film produced using selective ALD on SAMS-
patterned Si substrate [49] (© 2009. This work is licensed
under CC BY 4.0 license). FESEM images of DMADMS/
MoS; on (c¢) SiO, and (d) Ru grown on DMADMS/MoS, on
SiO; [57] (Reprinted with permission from [S7]. (Copyright
2018 American Chemical Society).
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(iPr-AMD),= NH;$} H,2 ¥H8-52 AME-319.2™ NH;
PEALD®] tigt A3 % X833t Co(AMD),= H,E BF
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Cu(dmap), = AF&3= AL Et,ZnS WHS-EZ ARSSIY
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SAM= F3stal el stk [Cu(sBu-amd), & AHS-
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Ire] 3£ H|EASLE 3 ASALDE Ir(acac); HTAIE
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Table 2. Precursor, reactant, deposition temperature, deactivation method, and patterning method of elemental metal ASALD by sur-

face deactivation organized by elements

Elements Precursor Reactant Temg)cg; ture g::;g;iﬁgg Patterning S:ff\;g}e] Ref
. Co(iP-AMD),  NHs, H, 350 O(Sliﬁff Photolithography Si 45
Co(AMD), H, 340 Cg:lusﬁ’zgs X Si 46

. Cu(dmap), C,H,¢Zn 100-120 ( CoCl)l;l;i t'Sp?iI;/{isng) Contact printing SiO, 49
[Cu(sBu-amd)], H, 185 COOH'EZ%T&E?S SAMs X Si 47

. Ir(acac), O, 225 ( C(Sq;l;i ¢ Sp/:l:iisng) Contact printing Si 50
Ir(acac); 0, 225 (Vaggsdsgﬁfon) Lift-off Si 53

Ni Ni(dmamb), NH; 300 O(Sliﬁff Photolithography i, Si0, 48
MeCpPtMe; 0 - O]()sz?msﬁfs (Os;: lgi?g%lz) $i0, 39
MeCpPtMes O, 285 O](DSE?USQSAS Contact printing Si, YSZ 11
MeCpPtMes O, 285 O](Dsz?uggll;ds Contact printing Si, YSZ 41
MeCpPtMe; 0, 300 Plz/lsl\;‘g/ Eggii:;i)de Photolithography 8i0, 52

Pt MeCpPtMe; 0, 300 (ze;if do;isiﬁ‘gs ) Oslfl;"/‘gigc‘)‘z) Si0, 61
MeCpPtMe; 0, 250 ODPA SAMs (Oielcfjlsifgz) Si0, 40
MeCpPtMes 0, 285 ( Cf))rli;fci Sﬁri\t/llrslg) Contact printing Si 12
MeCpPtMe; 0, 150 (Vapor S:gosi tion) Photolithography Si 62
MeCpPtMe; 0, 250 DMADI\?S(’)S];MATMS ( Osnel;?;g(;lz) Si 57

Carish 0, 283 DMAD]\?S(’)SI:)]\AATMS (On ]\S/E)lga}lsllg(r)lz i/ Si,MoS, 57

Si0,)

EBECHRu 0, 325 b 1(\]/;2:;15 ) Oiell{f'j};gigz) Ru 58

Ru EBECHRu 0, 250 DEE‘;OSSSMS ( Osnel(f:'j/lisgigz) Cu, CuO, 43
EBECHRu 0: 250 (V;To/rpge;?sli\gzn) (oiel(t;-j/hs%(n)z) $i0 M

RuCp, 0, 310-350 ( Cglg;i . Sp’?il:ﬁisng) Contact printing Hfggfi’ 63

PolA ¥REE = 0,5 AHE3IIT A8 SAMS] F57

+ DETA(Diethylenetriamine), HT(1-hexanethiol), PT(1-

propanethiol), OTS SAMs®|™ OTS SAMS A|<]3t 1}
A= 2 AEE = SAS o83ttt ol9]ol= Pto} &
LA SMIE A8t A77F SRR o™ FLsHA

DAMDMSS} DMATMS7} ARE-E| Q1o 244 AE 5A4S
o]-g-3titt.
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Fig. 9. Application of ASALD on interconnect formation. (a)
Formation of n"level interconnects, (b) selective deposition
of dielectric on dielectric, (c) selective deposition of metal
(diffusion barrier) on dielectric, and (d) selective deposition
of metal (Cu interconnect) on metal.
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