METHODS OF FORM NG RUTHENI UM CONTAI NI NG FI LMS BY

ATOM C LAYER DEPCSI TI ON CROSS- REFRENCE TO RELATED
WO\RPRNEATI ONS [ 0001] This patent clains the bePEf/U82009/045677

U S. provisional application Serial No. 61/057, 505,

filed on 30 May 2008, the disclosure of which is

i ncorporated herein by reference inits entirety.
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firstuI)Srif:glgsotrriis 82?5%89 Q%r_t}]fe ssﬁbstrate producing a monolayer on the substrate. Any
excess unreacted precursor is pumped out of the reaction chamber. A second precursor is
then passed over the substrate and reacts with the first precursor, forming a second
monolayer of film over the first-formed layer on the substrate surface. This cycle is
repeated to create a film of desired thickness. ALD processes have applications in
nanotechnology and fabrication of semiconductor devices such as capacitor electrodes,
gate electrodes, adhesive diffusion barriers and integrated circuits.

[0004] Chung, Sung-Hoon et al. report ruthenium films using tricarbonyl-1,3-
cyclohexadienyl ruthenium by an ALD technique. “Electrical and Structural Properties
of Ruthenium Film Grown by Atomic Layer Deposition using Liquid-Phase
Ru(CO)3(CsHsg) Precursor.” Mater. Res. Soc. Symp. Proc. 2007. Volume 990.

[0005] Japanese Patent No. 2006-57112 to Tatsuy, S. et al. report using ruthenium

precursors, such as (2,3 dimethyl-1,3-butadiene)tricarbonyl ruthenium, (1,3-
butadiene)tricarbonyl ruthenium, (1,3-cyclohexadiene)tricarbonyl ruthenium, (1,4-
cyclohexadiene)tricarbonyl ruthenium and (1,5-cyclooctadiene)tricarbonyl ruthenium, to

form metal films by chemical vapor deposition.



cycl ohexadi enyl ruthenium by an ALD techni que.

"Electrical and Structural Properties of Ruthenium
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Li qui d- Phase Ru(CO 3(C6H8) Precursor." Mater. Res.

Soc. Svnp. Proc. 2007. Vol une 990. [0005] Japanese

Pat ent No. 2006-57112 to Tatsuy S. et al. report
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substowayithegat deasutrivepreanmsor ontreipondigg finn btnadoyre &t Borinould &y er
deposition. The net hod Cﬁg&) bﬁ%s delivering at | east
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(L)Ru(CO 3 (Fornula I) wherein: L is selected from
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Lis selegé:d ?ro Py lgroaurf)dco%mlstlng & a linear or branched C,-Cs-alkenyl and a linear
or branched C;-¢-alkyl; and wherein L is optionally substituted with one or more
substituents independently selected from the group consisting of C,-Ce-alkenyl, C;--
alkyl, alkoxy and NR'R? wherein R' and R* are independently alkyl or hydrogen.
[0009] Other embodiments, including particular aspects of the embodiments
summarized above, will be evident from the detailed description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figure 1 is a graphical representation of thermogravimetric analysis (TGA)
data demonstrating % weight loss vs. temperature of (1) (n*-buta-1,3-
diene)tricarbonylruthenium, (2) (n*-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium and
(3) (cyclohexa-1,3-dienyl )Ru(CO)s.
[0011] Figure 2 is a picture of (cyclohexadienyl)tricarbonylruthenium (on left) and
(n*-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium (on right) following a thermal
stability study.

DETAILED DESCRIPTION

[0012] In various aspects of the invention, ALD methods are provided, utilizing

ruthenium-based precursors to form either metal or metal oxide films. In a particular



or branched C - 6-alkyl; and wherein L is optionally
substituted with one or nore substituents
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sol vent . propriate hydr ocarbon sol vents include, but
alkyd rgrogptmay be straight-chain or branched-chain. For example, as used herein,
propyl encompasses both n-propyl and iso-propyl; butyl encompasses n-butyl, sec-butyl,
iso-butyl and fert-butyl. Further, as used herein, “Me” refers to methyl, and “Et” refers to
ethyl.
[0016] The term “alkenyl” refers to an unsaturated hydrocarbon chain of 2 to about 6
carbon atoms in length, containing one or more double bonds. Examples include, without
limitation, ethenyl, propenyl, butenyl, pentenyl and hexenyl.
[0017] The term “dienyl” refers to a hydrocarbon group containing two double bonds.
A dienyl group may be linear, branched, or cyclic. Further, there are unconjugated dienyl
groups which have double bonds separated by two or more single bonds; conjugated
dienyl groups which have double bonds separated by one single bond; and cumulated
dienyl groups which have double bonds sharing a common atom.
[0018] The term “alkoxy” (alone or in combination with another term(s)) refers to a
substituent, i.e., -O-alkyl. Examples of such a substituent include methoxy (-O-CHs),
ethoxy, efc. The alkyl portion may be straight-chain or branched-chain. For example, as

used herein, propoxy encompasses both n-propoxy and iso-propoxy; butoxy encompasses

n-butoxy, iso-butoxy, sec-butoxy, and fert-butoxy.
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[0024] anCﬁb@%hﬁéﬁﬁlbomené)@amubstlha@d with one or more substituents such as

C,-Ce-alkenyl, C;-¢-alkyl, alkoxy and NR!R? , where R! and R? are as defined above. In a
particular embodiment, L is a dienyl-containing moiety and substituted with one or more
substituents such as C,-Cg-alkenyl, C;-¢-alkyl, alkoxy and NRIRZ, where R' and R? are as
defined above.

[0022] In one embodiment, L. may be substituted with one or more C;-¢-alkyl groups,
such as, but not limited to, methyl, ethyl, propyl, butyl or any combination thereof.

[0023] Examples of the at least one precursor include, without limitation:
(n*-buta-1,3-diene)tricarbonylruthenium;
(n*-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium; and
(n*-2-methylbuta-1,3-diene)tricarbonylruthenium.

[0024] Properties of two open dienyl compounds and a cyclohexadienyl compound

are shown below:
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and substituted wiilh one or nore substifluents such as

C2- C6-al kenyl, G -6-al kyl, al koxy and NRLR2, where Rl

and R2 are as C. Oxygen and non-oxygen co-reactants
[0025] As stated above, the ALD process can be used to form either a thin metal or
metal oxide film on substrates using at least one ruthenium precursor according to
Formula I. The film can be formed by the at least one ruthenium precursor
independently or in combination with a co-reactant (also known as a co-precursor).
[0026] Typically, ruthenium precursors require an oxidative environment (such as air,
O,, ozone or water) to deposit thin ruthenium films by ALD. Therefore, in one
embodiment, a metal oxide film containing ruthenium is deposited onto a substrate. The
at least one precursor may be delivered or deposited on a substrate in pulses alternating
with pulses of an appropriate oxygen source, such as H,O, H,O,, O,, ozone or any
combination thereof.
[0027] Further, it has been discovered that the ruthenium-containing precursors of the
invention can deposit ruthenium-containing films using a non-oxygen co-reactant.
Therefore, in another embodiment of invention the ruthenium-containing film is formed
by atomic layer deposition using a non-oxygen co-reactant.
[0028] For example, the non-oxygen co-reactant may comprise substantially of a

gaseous material such as hydrogen, hydrogen plasma, nitrogen, argon, ammonia,
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(3) Reactor Pressure: 100 mtorr
(4) Pulse sequence (sec.) (precursor/purge/coreactant/purge): about 1/9/2/8
[0031] In another embodiment, liquid injection ALD is used to form a ruthenium-
containing film, wherein a liquid precursor is delivered to the reaction chamber by direct

liquid injection as opposed to vapor draw by a bubbler. For liquid injection ALD
process see, for example, Potter R. J., et. al. Chem. Vap. Deposition. 2005. 11(3):159.

Examples of liquid injection ALD growth conditions include, but are not limited to:
(1) Substrate temperature: 160-300°C on Si(100)
(2) Evaporator temperature: about 100°C
(3) Reactor pressure: about 1 torr
(4) Solvent: toluene
(5) Solution concentration: about 0.075 M
(6) Injection rate: about 50ul pulse™
(7) Argon flow rate: about 10 cm® min™
(8) Pulse sequence (sec.) (precursor/purge/coreactant/purge): about 2/8/2/8
(9) Number of cycles: 300
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for apphcatlons such as dynamic random access memory (DRAM) and complementary

metal oxide semi-conductor (CMOS) for memory and logic applications on silicon chips.
EXAMPLES

[0037] The following examples are merely illustrative, and do not limit this

disclosure in any way.

Example 1 — Precursor Properties

[0038] Figure 1 compares TGA data of (n*-buta-1,3-diene)tricarbonylruthenium, (n*-
2,3-dimethylbuta-1,3-diene)tricarbonylruthenium and (m*-1,3-cyclohexadienyl)-
tricarbonylruthenium.

[0039] The result for (n4—buta—1,3—diene)tricarbonylruthenium was 0.83%.

[0040] The result for (n4—2,3—dimethylbuta—l,3—diene)tricarbonylruthenium was
0.06%.

[0041] The result for (n*-1,3-cyclohexadienyl)tricarbonylruthenium was 7.3%.

[0042] Figure 1 illustrates that linear or branched (“open”) diene compounds are well
suited to the ALD process because they are pure and vaporize congruently without

decomposition. Figure 1 demonstrates that the open dienes are more stable than the
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[0033] Thus, the organpnetal lic precursors, accordin

heateg ira mathog to 35 6t-i MiZzed Vafet prpenverHerfsd ity threrepetipn ehamber
50| j I G| t

o Qi SEEEEns , PL  RBESFUERRGR0RO o v o

readane gsU(t) fnere haunsi ot4NC. tAranspas puiged irhe theaghambeocdrti@uously

rocess chanmber. G Resistance [0034] In another
at 18561 HieEROHtHEE et-h e iH CoMeHTRARY Prisngiie thoprRsirsgnfor 1
t ] ' f 5
o RTRIA SIS, W 12, £ L AGR0NISSEARD 11 v
themptlsdd ®uldsteraids foBovehbniBuerardscofpenly thO@3Furdenflowing. This

1/9/? ?s:?a@:rnsﬁ ggc%gllp{éﬁg%qql E:}I;IC e.r tehr%?llv&?larg}c%g iItlu%ldr}lorn 90({ tluhlrgylclsés. After

Irgthenium

ho

300 cycles the precursor and co-reactant (H») were closed to the chamber and the system
was allowed to cool to room temperature with a continued Ar purge of 10 sccm.

Example 3 — Conventional ALD of (n*-2.3-dimethylbuta-1.3-

diene)tricarbonylruthenium

[0044] An ampoule containing (1'-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium
was pre-heated in a hotbox to 35°C. A 2 cm® wafer coupon was loaded into the reaction
chamber which was evacuated and heated to 250°C. The lines between the precursor
oven and co-reactant gas (H,) were heated to 45°C. Argon was purged into the chamber
continuously at 10 sccm throughout the run. The run was started by pulsing in the
precursor for 1 second followed by 9 seconds with only the Ar purge flowing. The co-
reactant (H,) was then pulsed for 2 seconds followed by 8 seconds with only the Ar purge
flowing. This 1/9/2/8 sequence accounted for 1 cycle. The run was continued for 300
full cycles. After 300 cycles the precursor and co-reactant (H,) were closed to the
chamber and the system was allowed to cool to room temperature with a continued Ar

purge of 10 sccm.



or silicon dioxide substrate and the resistance is

fromabout 20 ohmcn2 to about 100 nohnfcnR. [0036]
wab@eai@ex, in a particul ar enbodi ment, the neRdDUSNI/N045677

the invention is utilized for applications such as

dynam ¢ random access nenory (DRAM and conpl enentary

met al oxide sem -conductor (CM3S) for menmory and | ogic
lS|.I | con ch| ) A 0

limt th| S d| scl oqﬂélgé triba%ﬁ«)(n heﬁ)ﬁﬂfﬂiﬂ el -
Precursor Properties gure conpares TGA data

[004] (hAnbLﬁD@PCIukB m@memgr |2ta$€t1@tﬂm r of hégi lﬁ\ﬁr-2 @fmmethylbuta 1,3-

e e SR S S OE b BT L R SRt
100%h eArze@tﬂ \K/afEdeSo b 1§01@acaedl in@-tHé eaelidr ¢HaaibePichut BeiRliaed and
was Q. 83% ??£004O] The result for o
heateg 40 25@ Qi be Hyssoleatyesn @ﬁdmﬁ@) and; the chyR I rae Reldjairhl0 C and

h“e%?’}%t-‘%f 96[?{% IC([;%%%J t;—%g (t Fl car %{‘/ﬁ trO uétlinenl u O\/I\l/alsS pﬂrég% into the
chalﬁlﬁﬂ%htlﬁmgmryeatﬂol sbctmslhmag}&mt t}fma‘hnl Theaim Brstadpedibgpatking in the
("open”) diene conmpounds are well suited to the ALD
evalaﬁrateggge%@eéf%é SFF@Vl fgﬁewafbl% 9éﬁ<am9w Oziiv ryfrRYEs flgwing.
TheWol BRYANtFBEATRRS ful @A fol b MboRdl B IRAS fsasfegéncfs Rath 61{1§ the Ar

open di eneS are re stabl e than thecyCl ohexadi enyl
purgbetﬁcvwmgl Udisdu®/2t{oseghence ageountsefor dweclendihe et dontindwd for 300

full {lre by TGl Bt S0 Bl U7 Aok SRS Heehamber
and rtﬁes blues id afswddnertoslecandn @ﬁ@le}ayurla Qifth 4 BaRink¥@ Ar purge of 10
Exanpl e 2 - Conventional ALD of

sceit i 4- buta-1, 3-di ene)tricarbonyl rut heni um

Example 5 — Comparison of (1n'-2.3-dimethylbuta-1,3-diene)tricarbonylruthenium,

and (cyclohexadienyDtricarbonylruthenium Thermal Stability

[0046] When (Mm*-1,3-cyclohexadienyl)tricarbonylruthenium and (n*-2,3-
dimethylbuta-1,3-diene)tricarbonylruthenium were held at 110°C for 13 hours under an
inert atmosphere, the (n'-1,3-cyclohexadienyl)tricarbonylruthenium  gradually
decomposed while (n*-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium  remained
unchanged. The results are depicted in Figure 2. On left is (M™1,3-
cyclohexadienyl)tricarbonylruthenium and on right is (n%-2,3-dimethylbuta-1,3-
diene)tricarbonylruthenium.

Example 6 - Comparison of (BD)Ru(CO)3, (DMBD)Ru(CO)3, and (CHD)Ru(CO)3

Film Growth by ALD

[0047] Film growth by ALD using three different ruthenium precursors were

compared using the following growth parameters:



[ 0043] An anpoul e contai ni ng

(h4-but a- |

, 3-di ene)tricarbonyl rutheniumwas pre heated

W0 poov1d@ehox to 35C. A 2 cnR wafer coupon was POEUS09/045677
into the reaction chanber which was evacuated and
heated to 2500C. The |ines between the precursor oven
and coreact ant gas (H2) were heated to 45C. Argon was

- rﬁ\r\r

r\r\nf | n||n||c~| \l ﬁf

1n S

by pul SK n
the pr ) sec
only theg Ar purge flow ng. The co-reactant (H) vvaj.?
t hexgWp\ ged\for 2 secondeW'Y1'omed by 8|secongsuwif
only h Gdrge {1 owi ng. &his 199/ 2/ 8 |sequence CO
accofft ed for 1 cygle. Th&% un was conti|nued f dPC300
TR [, %x&dgﬁﬁru B oo} ey b
s‘?%ﬂé&\g&% to coo g’f%mtenperatmg ﬁél rbonyl
co pur ge| of 10@5’ ? anpl e 3 13&%) u(CO);
Conventional AID off (tid-2 3-dinethylbufla-1 3-

direqveyar flicomr BHIKY | r |
cont ai ni ng

it hetreamsdroRmp; 38¢C any

oul Brecursor Temp: 35°C

( NfvaterSFehpretoy | but

was pre-heated in

a- 1, $vddeenanp:raisoar bor
hotbox to 35C. A 2 ¢

yl r utwes: 8mp: 250
2 waf er

ulsrng in the precursor for

gaS (H2)

Is p‘ré’c‘ﬂl&’é&&’/9¥‘gﬁr§'n§§%ﬁ}%§§ p?e&lg§6{?§:%ﬁflgiglﬂg Hd)9‘§ Ifgérie%yé%ff%ﬁ\i@?ge/ls H2/9s
©oven and co- react 8 were heat®$% o

precur

st art ed 189 mtorr

1 second follomed by 9

C th onI the Ar flo cor eact ant
[00 fﬁrz ﬁ%%ﬂ@ﬁ)lﬂﬁﬂ es &FTt then 50 g%rsﬁagfw REUE §ew 8

Second onty [ne Ar_pu ttowng. [Ths
sequerﬁg:ahnt ed|{for 1 cylele, The run |was Md
for 300 |fu | cycleg. After 300 cycles the pr rso
and casR@act ant (H2) were (\:\l (p@,ed to the |chanber ané
t hO@CY gt em al | pwed Q"¢ \hocboom t errperacu‘r‘i
W t hog' conti nued Af ocC

T]4— 1,3-cyclohexadiene
ruthenium tricarbonyl
(CHD)Ru(CO);

N*-butadiene ruthenium
tricarbonyl
(BD)Ru(CO);

N"*-2,3-dimethyl butadiene
ruthenium tricarbonyl
(DMBD)Ru(CO);

Dep. Rate ~ 240A/min @350C

Dep. Rate ~ 300A/min @350C

Dep. Rate ~ 300A/min @350C

Oxygen 2 E 20

Oxygen 1 E 19

O not measured

Resistivity 37 p€d/sq

Resistivity 36 p€d/sq

Resistivity 49 p€d/sq

[0049]

are all volatile Ru(0) precursors.

stable than the closed diene system (such as the cyclohexadienyl precursor).

It can now be seen that (BD)Ru(CO);, (DMBD)Ru(CQO); and (CHD)Ru(CO);

Over extended periods, the open diene system is more

Sheet

resistance from all three substrates are between 36 and 49 n€d/sq.

[0050]
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purge of 10 seem Exanple 4 - Liquid injection ALD of
(ti4-2,3-dinmethyl buta-1,3- diene)tricarbonyl rutheni um

WO 0®4836420 anpoul e contai ning a sol ution of | gPCT/US2009/045677
(h4-2, 3-di met hyl buta-1, 3- diene)tricarbonyl rutheni um
in ca. 50n of toluene (0.075M is pulsed into a
vaporizer at 1000C. A 2 cn2 wafer coupon is | oaded

h to t.he rg@ctlon chanber which is evacuated and
t “ﬁBE??ﬂO?Hl BEBI™he |ines between the reactor and the

[005hanbehe dfRdheddthpfsed 1Qg§ﬁﬁ§1§§”| arfdese MBRN a1 be interpreted

co-reactant gas (H2) are heated to 45 Argon is
inclpsiveje dathertthan ¢xslushvgiber conti nuously at 10 seem
t hroughout the run. The run is started by pulsing in
the evaporated precursor for 1 second followed by 9
seconds with only the Ar purge flow ng. The
co-reactant (H) is then pulsed for 2 seconds foll owed
by 8 seconds with only the Ar purge flowi ng. This
1/9/ 2/ 8 sequence accounts for 1 cycle. The run is
continued for 300 full cycles. After 300 cycles the
precursor and co-reactant (H2) are closed to the
chanber and the systemis allowed to cool to room
tenperature with a continued Ar purge of 10 seem
Exanple 5 - Conpari son of
(tid4-2,3-dinethyl buta-I|, 3-di ene)tricarbonyl rut heni um
and (cycl ohexadi envDtri car bonyl rut heni um Ther na
Stability [0046] When
(r~-"S-cycl ohexadi eny”tri car bonyl rut heni um and
(h4-2,3- dinethyl buta-I, 3-diene)tricarbonyl rutheni um
were held at H QOC for 13 hours under an inert
at nosphere, the
(h4-1, 3-cycl ohexadi enyl )tri carbonyl rut heni um gradual | y
deconposed whil e
(h4-2, 3-di met hyl buta-1, 3-di ene)tricarbonyl rut heni um
remai ned unchanged. The results are depicted in Figure
2. On left is (h4-1, 3-
cycl ohexadi enyl ) tri carbonyl rut henium and on right is
(h4-2, 3-di net hyl but a-1, 3-

11



di ene)tricarbonyl rut henium Exanple 6 - Conparison of
(BD)Ru(CO 3, (DMBD)Ru(CO 3, and (CHD)Ru(CO 3 Film
W@OR@MI¥64Ry) ALD [ 0047] Filmgrowth by ALD usi ngP@€TiD8209/045677
di fferent rutheni um precursors were conpared using the
follow ng growth paraneters:[0048] The film properties
were then conpared and are shown bel ow. [0049] It can

that (BDRu(CO 3, (DMBD)Ru(CO 3 and
W%@%@%&gre all volatile Ru(O precursors. Over
ext ended periods, the open diene systemis nore stable
than the cl osed diene system (such as the -
L. cych oethaddif doyning p setheyomyconSheing fitra dy stcapic dayer depasition, the
TR AL AP AN i d A on
I NgRERBIoALEEePYndits &f @ALeure IS Bérfivga Bppl i cation in
their entirety. [0051] The words "conprise",
"conprises", and "conprisigCre to be interpreted
i nclusively rather than (ﬁéﬁhﬁﬁil)vel y. WHAT | S CLAI MED
IS: 1. A nethod of formng a rutheniumcontaining film
by veties¢inc | ayer deposition, the nmethod conpri sing

del.iverjing at | east one precursor to a substrate, the
at 1t BaclecB Top 8 Gratrconbp iRs HgRAgOf bragghed 6‘3;??@%%1 and
Fo lrarﬁﬂeﬁr br Braﬂdh):ﬁﬁ(l%—g)l 1,( al:n‘arv()ﬁjéran II_) is \gﬁﬁglﬁflll@ﬁsuﬁsdtﬁed with one

sel ected fromthe group consisting i near or
br amaied s@RtiOenalikdapyhdeatly selettedéam the ghnprohgeting of C,-Cs-

G -6-al ; [ i ti.onal | bsti t ut ed
ROl R & S D g ey
fr @ ger.oup consisting of C-C - alkenyl,

G -6-al kyl, al koxy and NR1LR2

2. The method of Claim 1, wherein L is a linear or branched dienyl-containing
moiety.
3. The method of Claim 1, wherein L is a linear or branched dienyl-containing

moiety selected from the group consisting of butadienyl, pentadienyl, hexadienyl,

heptadienyl and octadienyl.

4, The method of Claim 1, wherein L is substituted with one or more substituents
independently selected from the group consisting of C,-Cg-alkenyl, C;-¢-alkyl,
alkoxy and NR'R*; and R' and R” are independently alkyl or hydrogen.

5. The method of Claim 1, wherein the at least one precursor is selected from the
group consisting of:
(n*-buta-1,3-diene)tricarbonylruthenium;
(n*-2,3-dimethylbuta-1,3-diene)tricarbonylruthenium; and
(n*-2-methylbuta-1,3-diene)tricarbonylruthenium.

12



;wherein RL and R2 are independently al kyl or
hydrogen. 2. The nethod of Claiml, wherein L is a

WO 2oveas642¥ br anched di enyl - cont ai ni ng noi ety. BCT/UTR2909/045677

10.

11.

12.

13.

14.

15.

met hod of Claim1l, wherein L is a linear or branched
di enyl -contai ning noiety selected fromthe group
consisting of butadi enyl, pentadienyl, hexadienyl,

adi e . 4. The t hod of aiml,
2R PGS, B gt Do e
[ n@@gﬁﬁq%wpo%ﬁio%ct ed fromthe group consisting of
C2- C6- al Kenyl', C 6-al kyl, al koxy and NRLR2; and Rl

and R2 are |ndependently al kyl or hydrogen 5. The

nEt"ﬁlo C{%Ofp 0 fgl]lm 1 Wﬂgrrmenl tﬂe Elt%%’llg i yer (?CPOFI 1011 1 quucf rn c ion
i s sel'ec omthe group consris

( h4tdivicaay sﬁﬂﬁ)trl car bonyI r ut henl um
(h4-2, 3- yI but a- 1, 3-di ene) tri car bonyl r ut heni um
and (h4- 2 mat hyl but a- 1, 3-di ene) tri car bonyl r ut heni um 6.

&H&’d Qf‘ C R %ﬂere%ﬁé gﬂoﬂné E,S/e %Ll?lolé ?syp[ﬁﬁsed 11(1J]ect10n

dep03| tion s ot 0-assi sted atonrc

. aT(hﬂlCI”lE}tdnddpcﬁftldﬁl aim1, wherein the atom c | ayer
deposition is liquid injection atomc |ayer
deposition. 8. The nethod of Caim1, wherein the

at OFHe‘}nétﬁé(c%f @1%9951' {hQRin e Hﬂhé%n'dahﬁﬁhhgﬂlrﬁlﬁsomlﬁed by

| ayer deposition. The nmethod of Claim wherei n

t hertoroicheyer dnpqsamnalsmgrvgncfm dxpges ch-ocarkdt.by at oni c

| ayer deposition using a non-oxygen co-reactant.
The method of Claim 9, wherein the non-oxygen co-reactant comprises
substantially of a gaseous material selected from the group consisting of
hydrogen, nitrogen, argon, ammonia, hydrazine, alkylhydrazine, silane and

borane.

The method of Claim 10, wherein the non-oxygen gaseous material is hydrogen.
The method of Claim 1, wherein the substrate is selected from the group
consisting of silicon, silicon oxide, silicon nitride, tantalum, tantalum nitride and

copper.

The method of Claim 1, wherein the substrate is metal and the resistance is less

than about 100 mohm/cm’.
The method of Claim 13, wherein the substrate is tantalum or copper.

The method of Claim 1, wherein the substrate is silicon or silicon dioxide and the

resistance is from about 20 ohm/cm” to about 100 mohm/cm?.

13



10. The nmethod of Claim9, wherein the non-oxygen
co-reactant conprises substantially of a gaseous

woradoeni@b3 sel ected fromthe group consi sting 0PCT/US2009/045677

16

17.

hydr ogen, nitrogen, argon, ammoni a, hydrazi ne,

al kyl hydrazi ne, silane and borane. 11. The nethod of

G ain110 wherei n the non- oxygen gaseous material is

2. .The nme ho Caiml, erein the

ritiod & CRiTad( Bher W@O&r%ifd?@h%mfm%%# logic

SI| pREhtiofiohiaC@ohfe, silicon nitride, tantalum

tan alumnitride and copper. 13. The nmethod of O aim

1, wherein the substrate is netal and the resistance

o AR eraha A GFond et ERAST S Es

15 ﬁh@uﬁﬁghod of aim1l, wherein the substrate is
S|I|con or silicon dioxide and the resistance is from
about 20 ohmlcn? to about 100 nohni cn®.16. The net hod
of Cdaiml, wherein the nethod is used for a nenory
and | ogic application on a silicon chip. 17. The

net hod of Claim 16, wherein the nethod is used for
DRAM or CMOS appl i cati ons.
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