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(57) ABSTRACT 
The present invention relates to novel 1,3-diimine copper 
complexes and the use of 1,3-diimine copper complexes for 
the deposition of copper on substrates or in or on porous 
solids in an Atomic Layer Deposition process. 
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VOLATILE COPPER(I) COMPLEXES FOR 
DEPOSITION OF COPPER FILMS BY ATOMIC 

LAYER DEPOSITION 

FIELD OF THE INVENTION 

[0001] The present invention relates to novel 1,3-diimine 
copper complexes and the use of 1,3-diimine copper com 
plexes for the deposition of copper on substrates or in or on 
porous solids in an atomic layer deposition process. 

TECHNICAL BACKGROUND 

[0002] Atomic layer deposition (ALD) processes are use 
ful for the creation of thin ?lms, as described by M. Ritala 
and M. Leskela in “Atomic Layer Deposition” in Handbook 
of Thin Film Materials, H. S. NalWa, Editor, Academic 
Press, San Diego, 2001, Volume 1, Chapter 2. Such ?lms, 
especially metal and metal oxide ?lms, are critical compo 
nents in the manufacture of electronic circuits and devices. 

[0003] In an ALD process for depositing copper ?lms, a 
copper precursor and a reducing agent are alternatively 
introduced into a reaction chamber. After the copper pre 
cursor is introduced into the reaction chamber and alloWed 
to adsorb onto a substrate, the excess (unadsorbed) precursor 
vapor is pumped or purged from the chamber. This process 
is folloWed by introduction of a reducing agent that reacts 
With the copper precursor on the substrate surface to form 
copper metal and a free form of the ligand. This cycle can 
be repeated if needed to achieve the desired ?lm thickness. 

[0004] This process differs from chemical vapor deposi 
tion (CVD) in the decomposition chemistry of the metal 
complex. In a CVD process, the complex undergoes pyro 
lytic decomposition on contact With the surface to give the 
desired ?lm. In an ALD process, the complex is not com 
pletely decomposed to metal on contact With the surface. 
Rather, formation of the metal ?lm takes place on introduc 
tion of a second reagent, Which reacts With the deposited 
metal complex. In the preparation of a copper ?lm from a 
copper(I) complex, the second reagent is a reducing agent. 
Advantages of an ALD process include the ability to control 
the ?lm thickness and improved conformality of coverage 
because of the self-limiting adsorption of the precursor to 
the substrate surface in the ?rst step of the process. 

[0005] The ligands used in the ALD processes must also 
be stable With respect to decomposition and be able to 
desorb from the complex in a metal-free form. FolloWing 
reduction of the copper, the ligand is liberated and must be 
removed from the surface to prevent its incorporation into 
the metal layer being formed. 

[0006] S. G. McGeachin, Canadian Journal of Chemistry, 
46, 1903-1912 (1968), describes the synthesis of 1,3-di 
imines and metal complexes of these ligands, including 
bis-chelate or homoleptic complexes of the form ML2. 

[0007] US. Pat. No. 6,464,779 discloses a Cu atomic layer 
CVD process that requires treatment of a copper precursor 
containing both oxygen and ?uorine With an oxidiZing agent 
to form copper oxide, folloWed by treatment of the surface 
With a reducing agent. 

[0008] WO 2004/036624 describes a tWo-step ALD pro 
cess for forming copper layers comprising forming a copper 
oxide layer from a non-?uorine containing copper precursor 
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on a substrate and reducing the copper oxide layer to form 
a copper layer on the substrate. Copper alkoxides, copper 
[3-diketonates and copper dialkylamides are preferred cop 
per precursors. The reducing agent is a hydrogen (H2) 
containing gas. 

[0009] US. 2003/0135061 discloses a dimeric copper(I) 
precursor Which can be used to deposit metal or metal 
containing ?lms on a substrate under ALD or CVD condi 
tions. 

[0010] WO 2004/046417 describes the use of dimeric 
copper (I) complexes comprising amidinate ligands for use 
in an ALD process. 

SUMMARY OF THE INVENTION 

[0011] This invention describes a process for forming 
copper deposits on a substrate comprising: 

[0012] a. contacting a substrate With a copper complex, 
(I), to form a deposit of a copper complex on the 
substrate; and 

(I) 

[0013] b. contacting the deposited copper complex With 
a reducing agent, Wherein 

[0014] L is selected from the group of C2-C15 ole?ns, 
CZ-C15 alkynes, nitriles, aromatic heterocycles, and 
phosphines; 

[0015] R1 and R4 are independently selected from the 
group consisting of hydrogen, methyl, ethyl, propyl, 
isopropyl, isobutyl, and neopentyl; 

[0016] R2, R3 and R5 are independently selected from 
the group consisting of hydrogen, ?uorine, tri?uorom 
ethyl, phenyl and Cl-C1O alkyl groups; and the reducing 
agent is selected from the group consisting of 9-BBN 
(9-borabicyclo[3.3.1]nonane); diborane; boranes of the 
form BRXH3_X, Where x=0, 1 or 2, and R is indepen 
dently selected from the group consisting of phenyl and 
Cl-C1O alkyl groups; dihydrobenZofuran; pyraZoline; 
disilane; silanes of the form SiR‘yH4_y, Where y=0, 1, 2 
or 3, and R‘ is independently selected from the group 
consisting of phenyl and Cl-C1O alkyl groups; and 
germanes of the form GeR“ZH4_Z, Where Z=0, 1, 2, or 3, 
and R“ is independently selected from the group con 
sisting of phenyl and Cl-C1O alkyl groups. 

DETAILED DESCRIPTION 

[0017] Applicants have discovered an atomic layer depo 
sition (ALD) process suitable for creation of copper ?lms for 
use as seed layers in the formation of copper interconnects 
in integrated circuits, or for use in decorative or catalytic 
applications. This process uses copper(I) complexes that are 
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volatile, thermally stable and derived from ligands that 
contain C, H, Si and N, but are not limited to these elements. 
The ligands are chosen to form copper(I) complexes that are 
volatile in an appropriate temperature range but do not 
decompose to copper metal in this temperature range; rather, 
the complexes decompose to metal on addition of a suitable 
reducing agent. The ligands are further chosen so that they 
Will desorb Without decomposition upon exposure of the 
copper complex to a reducing agent. The reduction of these 
copper complexes to copper metal by readily available 
reducing agents has been demonstrated to proceed cleanly at 
moderate temperatures. 

[0018] In the process of this invention, copper is deposited 
on a substrate by means of: 

[0019] a. contacting a substrate With a copper complex, 
(I), to form a deposit of a copper complex on the 
substrate; and 

(I) 

[0020] b. contacting the deposited copper complex With 
a reducing agent, Wherein 

[0021] L is selected from the group of C2-C15 ole?ns, 
CZ-C15 alkynes, nitriles, aromatic heterocycles, and 
phosphines; 

[0022] R1 and R4 are independently selected from the 
group consisting of hydrogen, methyl, ethyl, propyl, 
isopropyl, isobutyl, and neopentyl; 

[0023] R2, R3 and R5 are independently selected from 
the group consisting of hydrogen, ?uorine, tri?uorom 
ethyl, phenyl and Cl-C1O alkyl groups; and the reducing 
agent is selected from the group consisting of 9-BBN; 
diborane; boranes of the form BRXH3_X, Where x=0, 1 
or 2, and R is independently selected from the group 
consisting of phenyl and Cl-C1O alkyl groups; dihy 
drobenZofuran; pyraZoline; disilane; silanes of the form 
SiR‘yH4_y, Where y=0, 1, 2 or 3, and R‘ is independently 
selected from the group consisting of phenyl and 
Cl-C1O alkyl groups; and germanes of the form 
GeR“ZH4_Z, Where Z=0, 1, 2, or 3, and R“ is indepen 
dently selected from the group consisting of phenyl and 
Cl-C1O alkyl groups. 

[0024] The deposition process of this invention improves 
upon the processes described in the art by alloWing the use 
of loWer temperatures and producing higher quality, more 
uniform ?lms. The process of this invention also provides a 
more direct route to a copper ?lm, avoiding the formation of 
an intermediate oxide ?lm. 

[0025] In the copper deposition process of this invention, 
the copper can be deposited on the surface, or in or on 
porosity, of the substrate. Suitable substrates include con 
ducting, semiconducting and insulating substrates, including 
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copper, silicon Wafers, Wafers used in the manufacture of 
ultra large scale integrated circuits, Wafers prepared With 
dielectric material having a loWer dielectric constant than 
silicon dioxide, and silicon dioxide and loW k substrates 
coated With a barrier layer. Barrier layers to prevent the 
migration of copper include tantalum, tantalum nitride, 
titanium, titanium nitride, tantalum silicon nitride, titanium 
silicon nitride, tantalum carbon nitride, and niobium nitride. 

[0026] This process can be conducted in solution, i.e., by 
contacting a solution of the copper complex With the reduc 
ing agent. HoWever, it is preferred to expose the substrate to 
a vapor of the copper complex, and then remove any excess 
copper complex (i.e., undeposited complex) by vacuum or 
purging before exposing the deposited complex to a vapor of 
the reducing agent. After reduction of the copper complex, 
the free form of the ligand can be removed via vacuum, 
purging, heating, rinsing With a suitable solvent, or a com 
bination of such steps. 

[0027] This process can be repeated to build up thicker 
layers of copper, or to eliminate pin-holes. 

[0028] The deposition of the copper complex is typically 
conducted at 0 to 200° C. The reduction of the copper 
complex is typically carried out at similar temperatures, 0 to 
200° C. 

[0029] In the process of this invention, it is initially a 
copper complex that is deposited on the substrate. The 
formation of a metallic copper ?lm does not occur until the 
copper complex is exposed to the reducing agent. 

[0030] Aggressive reducing agents are needed to reduce 
the copper complex rapidly and completely. Reducing 
agents must be volatile and not decompose on heating. They 
must also be of suf?cient reducing poWer to react rapidly on 
contact With the copper complex deposited on the substrate 
surface. A group of suitable reducing agents has been 
identi?ed that have been used for copper(I) reduction in an 
ALD process. One feature of these reagents is the presence 
of a proton donor. The reagent must be able to transfer at 
least one electron to reduce the copper ion of the complex 
and at least one proton to protonate the ligand. The oxidiZed 
reducing agent and the protonated ligand must be able to be 
easily removed from the surface of the neWly formed copper 
deposit. 

[0031] Suitable reducing agents for the copper deposition 
process of this invention include 9-BBN, borane, diborane, 
dihydrobenZofuran, pyraZoline, germanes, diethylsilane, 
dimethylsilane, ethylsilane, phenylsilane, silane and disi 
lane. Diethylsilane and silane are preferred. 

[0032] In one embodiment of the copper deposition pro 
cess, the copper complexes are added to a reactor under 
conditions of temperature, time and pressure to attain a 
suitable ?uence of complex to the surface of the substrate. 
One of skill in the art Will appreciate that the selection of 
these variables Will depend on individual chamber and 
system design, and the desired process rate. After at least a 
portion of the copper complex has been deposited on the 
substrate (e.g., a coated silicon Wafer), the undeposited 
complex vapor is pumped or purged from the chamber and 
the reducing agent is introduced into the chamber at a 
pressure of approximately 50 to 760 mTorr to reduce the 
adsorbed copper complex. The substrate is held at a tem 
perature betWeen approximately 0 to 200° C. during reduc 
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tion. With suitable combinations of copper complex and 
reducing agent, this reduction is rapid and complete. Reduc 
ing agent exposure times can be from less than a second to 
several minutes. It is important that the products from this 
reaction are readily removed from the surface of the sub 
strate under the reducing conditions. 

[0033] In one embodiment of this invention, the copper 
complex is a copper 1,3-diimine complex (L), Wherein R1 
and R4 are isobutyl groups, R2 and R3 are methyl groups, and 
L=vinyltrimethylsilane, and the reducing agent is diethylsi 
lane. 

[0034] This invention also provides novel 1,3-diimine 
copper complexes, (I), 

(I) 

[0035] 

[0036] L is selected from the group of CZ-C15 ole?ns, 
CZ-C15 alkynes, nitrites, aromatic heterocycles, and 
phosphines; 

Wherein 

[0037] R1 and R4 are independently selected from the 
group consisting of hydrogen, methyl, ethyl, propyl, 
isopropyl, isobutyl, and neopentyl; 

[0038] R2, R3 and R5 are independently selected from 
the group consisting of hydrogen, ?uorine, tri?uorom 
ethyl, phenyl and C1-C1O alkyl groups. 

[0039] In one embodiment, L is a linear, terminal ole?n. 
For ole?ns of 4-15 carbons, L can also be an internal ole?n 
of cis- or trans-con?guration; cis- is preferred. L can be a 
cyclic or bicyclic ole?n. L can also be substituted, for 
example With ?uorine or silyl groups. Suitable ole?ns 
include, but are not limited to vinyltrimethylsilane, allyltri 
methylsilane, 1-hexene, 4-methyl-1-pentene, 3,3-dimethyl 
1-butene, and norbornene. L can also be alkyne, nitrile, or an 
aromatic nitrogen heterocycle such as pyridine, pyraZine, 
triaZine, and N-substituted imidaZole, pyraZole, and triaZole. 
L can also be a phosphine. 

[0040] The synthesis of one particular ligand useful for 
making the copper complexes of this invention is given in 
Example 1, beloW. Other ligands can be prepared similarly 
from analogous amino ketones. 

[0041] In another embodiment, this invention provides an 
article comprising 1,3-diimine copper complexes, (I), depos 
ited on a substrate. Suitable substrates include: copper, 
silicon Wafers, Wafers used in the manufacture of ultra-large 
scale integrated circuits, Wafers prepared With dielectric 
material having a loWer dielectric constant than silicon 
dioxide, and silicon dioxide and loW k substrates coated With 
a barrier layer. Barrier layers can be used to prevent the 
migration of copper. Suitable barrier layers include: tanta 
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lum, tantalum nitride, titanium, titanium nitride, tantalum 
silicon nitride, titanium silicon nitride, tantalum carbon 
nitride, and niobium nitride. 

EXAMPLES 

[0042] Unless otherWise stated, all organic reagents are 
available from Sigma-Aldrich Corporation (Milwaukee, 
Wis., USA). The (2-amino)hepta?uoro-4-imino-2-pentene 
Was obtained from Matrix Scienti?c (Columbia, SC, USA). 
The [Cu(CH3CN)4]SO3CF3 can be prepared according to 
the method described in: T. Ogura, Transition Metal Chem 
istry, 1, 179-182 (976). 

Example 1 

Preparation and Reduction of 
Vinyltrimethylsilane(N,N‘-diisobutyl-2,4-pentanedi 

ketiminate)copper 
[0043] In a dry box under a nitrogen atmosphere, a 250 mL 
round-bottom ?ask Was charged With 4-(isobutylamino)-3 
pentene-2-one (36.9 g, 237 mmole) and dimethylsulfate 
(30.0 g, 237 mmole). The reaction solution Was stirred for 5 
minutes and then alloWed to stand Without stirring over 
night. The yelloW mixture became orange and viscous. 
Isobutyl amine (18 g, 246 mmole) Was added With vigorous 
stirring via addition funnel. The solution Was stirred for one 
hour until it solidi?ed. The intermediate salt Was not iso 
lated, but Was directly converted to the free amine (based on 
the theoretical yield of the intermediate salt) as described 
beloW. 

[0044] A solution of NaOMe (12.8 g, 237 mmole) in 
MeOH (ca 40 mL) Was added to the intermediate salt and 
stirred for one hour. The solvent Was removed under vacuum 
to give a yelloW oil that Was extracted With pentane, ?ltered, 
and concentrated to give a yelloW oil that consisted of the 
desired product (N,N‘-diisobutyl-2,4-pentanediketimine) (ca 
75%) and unreacted starting material (ca 25%) based on 
proton NMR data. The product Was isolated by fractional 
distillation to give a yelloW oil (35.4 g, 72% yield). 

[0045] In the dry box, a 100-mL round-bottom ?ask Was 
charged With [Cu(CH3CN)4]SO3CF3 (1.0 g), vinyltrimeth 
ylsilane (26.0 mmole), and diethyl ether (20 mL). In a 
separate 100-mL round-bottom ?ask, 1.5 M t-butyl lithium 
(1.7 mL) Was added to a solution of N,N‘-diisobutyl-2,4 
pentanediketimine (0.550 g), prepared as described above. 
After 0.5 h, the solutions Were combined. The combined 
solution changed from a cloudy White suspension to a 
golden-broWn, clear solution after the uptake of all solids. 
After 2 h, the solution Was concentrated to a solid/sludge, 
extracted With pentane (3><15 mL), ?ltered and concentrated 
to give a viscous oil (0.600 g, 62% yield). 

Example 2 

[0046] The viscous oil isolated as the ?nal product in 
Example 1 Was used as a copper precursor to create a copper 
?lm on a substrate. The substrate consisted of a silicon 
dioxide Wafer With 250-A layer of tantalum and a 100 A 
layer of copper. The Wafer had a barely discernable copper 
color. 

[0047] Approximately 0.040 g of copper precursor Was 
loaded in a dry box into a porcelain boat. The boat and Wafer 
(~1 cm2) Were placed in a glass tube approximately 3.5 
inches apart. The glass tube Was removed from the dry box 
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and attached to a vacuum line. Heating coils Were attached 
to the glass tube surrounding both the area around the 
porcelain boat and the area around the Wafer chip; this 
con?guration allows the tWo areas to be maintained at 
different temperatures. Following evacuation of the system, 
an argon ?oW Was created through the tube, passing ?rst 
over the sample in the boat and then over the Wafer. The 
pressure inside the tube Was maintained at 150-200 mTorr. 
The region around the Wafer Was Warmed to 110° C. After 
approximately an hour, the temperature of the region around 
the sample boat Was raised to 55° C. These temperatures and 
the Ar gas ?oW Were maintained for approximately 2.5 
hours. The area around the sample boat Was then cooled to 
room temperature. The tube Was evacuated to a pressure of 
~10 mTorr and Was back-?lled With diethylsilane. The area 
of the tube at 110° C. quickly turned a copper color. The 
apparatus Was cooled and returned to the dry box. The 
copper color Was perceptively darker. The process Was 
repeated to yield a Wafer With a smooth metallic copper ?lm. 

Example 3 

Preparation of 
Pyridine(N,N‘-diisopropyl-2,4-pentanediketiminate)copper 

[0048] In the dry box, a 100-mL round-bottom ?ask Was 
charged With Cu(CH3CN)4SO3CF3 (1.0 g, 2.65 mmol), 
pyridine (2.65 mmol), and ether (20 mL). In a separate 
100-mL round-bottom ?ask, 1.7 M t-butyl lithium (1.56 mL) 
Was added to a solution of N,N‘-diisopropyl-2,4-pen 
tanediketimine (2.65 mmol) and ether (20 mL). Both solu 
tions Were stirred for 25 min, after Which the later solution 
Was added to the former via pipette, Which turned yelloW 
then orange after uptake of all solids. The reaction mixture 
Was stirred for 1.5 h before being concentrated under 
vacuum to a light orange solid. The crude solid was 
extracted With pcntanc (4x25 ml) and ?ltcrcd. Thc ?ltratc 
Was concentrated to give the desired product as a yelloW 
poWder (562 mg, 65%). 

Example 4 

Preparation of 
3,3,3-Tri?uoropropene[(2-amino)-4-imino-2-pentene]copper 

[0049] In the dry box, a 100-mL round-bottom ?ask Was 
charged With Cu(CH3CN)4SO3CF3 (1.0 g, 2.65 mmol), ether 
(20 mL), and 3,3,3-tri?uoropropene (bubbled into solution). 
In a separate 100-mL round-bottom ?ask, 1.7 M t-butyl 
lithium (1.56 mL) Was added to a solution of (2-amino)-4 
imino-2-pentene (260 mg, 2.65 mmol) and ether (20 mL). 
Both solutions Were stirred for 25 min, after Which the later 
solution Was added to the former via pipette, Which turned 
yelloW then broWn after uptake of solid Cu(I). The reaction 
mixture Was stirred for 1.5 hrs, then concentrated under 
vacuum to a light broWn solid, extracted With pentane (100 
ml), and ?ltered. The ?ltrate Was concentrated to give the 
product as a yelloW poWder (398 mg, 58%). 

Example 5 

Preparation of 
Vinyltrimethylsilane[(2-amino)hepta?uoro-4-imino-2 

pentene]copper 
[0050] In the dry box, a 100-mL round-bottom ?ask Was 
charged With Cu(CH3CN)4SO3CF3 (1.0 g, 2.65 mmol), 
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vinyltrimethylsilane (1.06 g, 10.6 mmol), and ether (20 mL). 
In a separate 100-mL round-bottom ?ask, NaH (63 mg, 2.65 
mmol) Was added portion Wise to a solution of (2-amino 
)hepta?uoro-4-imino-2-pentene (2.65 mmol) and ether (20 
mL). Both solutions Were stirred for 25 min before the later 
solution Was added to the former via pipette. The combined 
solution turned dark broWn after uptake of all solids. The 
reaction mixture Was stirred for 1.5 hrs before being con 
centrated under vacuum to a light broWn solid. The crude 
solid Was extracted With pentane (4x25 ml) and ?ltered. The 
?ltrate Was concentrated to give the desired product as an 

orange oil (953 mg, 95%). 

What is claimed is: 
1. A process for forming copper deposits on a substrate 

comprising: 
a. contacting a substrate With a copper complex, (I), to 

form a deposit of a copper complex on the substrate; 
and 

(I) 

b. contacting the deposited copper complex With a reduc 
ing agent, Wherein 

L is selected from the group of C2-C15 ole?ns, C2-C15 
alkynes, nitriles, aromatic heterocycles, and phos 
phines; 

R1 and R4 are independently selected from the group 
consisting of hydrogen, methyl, ethyl, propyl, isopro 
pyl, isobutyl, and neopentyl; 

R2, R3 and R5 are independently selected from the group 
consisting of hydrogen, ?uorine, tri?uoromethyl, phe 
nyl and Cl-C1O alkyl groups; and 

the reducing agent is selected from the group consisting of 
9-BBN (9-borabicyclo[3.3.1]nonane); diborane; 
boranes of the form BRXH3_X, Where x=0, 1 or 2, and R 
is independently selected from the group consisting of 
phenyl and Cl-C1O alkyl groups; dihydrobenZofuran; 
pyraZoline; disilane; 

silanes of the form SiR‘yH4_y, Where y=0, 1, 2 or 3, and R‘ 
is independently selected from the group consisting of 
phenyl and Cl-C1O alkyl groups; and germanes of the 
form GeR“ZH4_Z, Where Z=0, 1, 2, or 3, and R“ is 
independently selected from the group consisting of 
phenyl and Cl-C1O alkyl groups. 

2. The process of claim 1, Wherein R5 is hydrogen. 
3. The process of claim 2, Wherein R2 and R3 are methyl 

and R1 and R4 are independently isobutyl or hydrogen. 
4. The process of claim 1, Wherein L is vinyltrimethylsi 

lane. 
5. The process of claim 1, Wherein the substrate is selected 

from the group consisting of copper, silicon Wafers and 
silicon dioxide coated With a barrier layer. 
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6. The process of claim 1, wherein the substrate is 
exposed to a vapor of the copper complex. 

7. The process of claim 1, Wherein the deposition is 
carried out at 0 to 200° C. 

8. The process of claim 1, Wherein the reducing agent is 
silane or diethylsilane. 

9. A copper complex, (I), 

(I) 

I 
R Cu R4 

\ bi/ \ / 

R2 / R3 

R5 

Wherein 

L is selected from the group of C2-C15 ole?ns, C2-C15 
alkynes, nitriles, aromatic heterocycles, and phos 
phines; 
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R1 and R4 are independently selected from the group 
consisting of hydrogen, methyl, ethyl, propyl, isopro 
pyl, isobutyl, and neopentyl; 

R2, R3 and R5 are independently selected from the group 
consisting of hydrogen, ?uorine, tri?uoromethyl, phe 
nyl and C1-C1O alkyl groups. 

10. The copper complex (I) of claim 9, Wherein 
L is vinyltrimethylsilane; R1 and R4 are iso-butyl; and R2, 

R3 are methyl and R5 is H. 
11. The copper complex (I) of claim 9, Wherein 

L is vinyltrimethylsilane; R1 and R4 are H; and R2, R3 are 
methyl and R5 is H. 

12. An article produced by contacting a substrate With a 
copper complex of claim 9. 

13. The article of claim 12, Wherein the substrate is 
selected from the group of copper, silicon Wafers, and silicon 
dioxide coated With a barrier layer. 

14. The article of claim 13, Wherein the barrier layer is 
selected from the group consisting of tantalum, tantalum 
nitride, titanium, titanium nitride, tantalum silicon nitride, 
titanium silicon nitride, tantalum carbon nitride, and nio 
bium nitride. 


