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METHODS OF ATOMC LAYER DEPOSITION 
USING TITANIUM-BASED PRECURSORS 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS-REFERENCED APPLICATIONS 

This application claims priority to U.S. provisional appli 
cation Ser. No. 60/972.488 filed on Sep. 14, 2007, the disclo 
sure of which is incorporated by reference in its entirety. 
Disclosure of copending U.S. provisional application Ser. 
No. 60/972,451 filed on Sep. 14, 2007, is incorporated herein 
by reference in its entirety without admission that such dis 
closure constitutes prior art to the present invention. 

FIELD OF THE INVENTION 

The present invention relates to methods of preparing thin 
films by atomic layer deposition (ALD) using titanium-based 
precursors. 

BACKGROUND OF THE INVENTION 

ALD is a known method for the deposition of thin films. It 
is a self-limiting, sequential unique film growth technique 
based on Surface reactions that can provide atomic layer 
control and deposit conformal thin films of materials pro 
vided by precursors onto Substrates of varying compositions. 
In ALD, the precursors are separated during the reaction. The 
first precursor is passed over the Substrate producing a mono 
layer 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 precur 
Sor, forming a monolayer offilm 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 elec 
trodes, gate electrodes, adhesive diffusion barriers and inte 
grated circuits. Further, dielectric thin films having high 
dielectric constants (permittivities) are necessary in many 
Sub-areas of microelectronics and optelectronics. The con 
tinual decrease in the size of microelectronics components 
has increased the need for the use of such dielectric films. 

Japanese Patent Application No. P2005-171291 reports 
titanium-based precursors for use in chemical vapor deposi 
tion. 

Current precursors for use in ALD do not provide the 
required performance to implement new processes for fabri 
cation of next generation devices, such as semi-conductors. 
For example, improved thermal stability, higher volatility or 
increased deposition rates are needed. 

SUMMARY OF THE INVENTION 

There are now provided methods of forming a titanium 
containing film by atomic layer deposition. The methods 
comprise delivering at least one precursor to a substrate, 
wherein the at least one precursor corresponds in structure to 
Formula I: 

(Formula I) 

W-2-(R) 
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wherein: 
R is C-C-alkyl: 
n is Zero, 1, 2, 3, 4 or 5: 
L is C-C-alkoxy or amino, wherein the amino is optionally 
independently substituted 1 or 2 times with C-C-alkyl. 

Other embodiments, including particular aspects of the 
embodiments summarized above, will be evident from the 
detailed description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graphical representation of a vapor pressure 
curve of (MeCp)Ti(OiPr). 

FIG. 2 is a graphical representation of a vapor pressure 
curve of (MeCp)Ti(NMe). 

FIG.3 is a table of vapor pressure equations for (MeCp)Ti 
(OiPr) and (MeCp)Ti(NMe). 
FIG.3A is a graphical representations of the vapor pressure 

curves of (MeCp)Ti(OiPr). (MeCp)Ti(NMe) in compari 
son to Ti(OiPr) standard precursor. 

FIG. 4 is a graphical representation of thermogravimetric 
analysis (TGA) data demonstrating % weight loss vs. tem 
perature of (MeCp)Ti(OiPr). 

FIG. 5 is a graphical representation of TGA data demon 
strating % weight loss vs. temperature of (MeCp)Ti(OMe). 

FIG. 6 is a table of viscosity measurements for (MeCp)Ti 
(OiPr) and (MeCp)Ti(NMe), 

FIG. 7 is a graphical representation comparing ALD 
growth data of (MeCp)Ti(OiPr) and two standard precur 
SOS. 

FIG. 8 is a graphical representation demonstrating increase 
in thickness with number of cycles which demonstrates the 
ALD behavior of (MeCp)Ti(OiPr), at 200° C. 

FIG. 8A is a graphical representation demonstrating 
growth rate versus deposition temperature for ALD of 
(MeCp)Ti(OiPr). 

FIG. 9 is a graphical representation of TGA data demon 
strating mg vs. temperature/time of (MeCp)Ti(NMe2). 

FIG. 10 is a graphical representation of TGA data demon 
strating mg vs. temperature/time of (MeCp)Ti(OtBu). 

FIG. 11 represents "H NMR results of (MeCp)Ti(NMe.) 
at 150° C. 

FIG. 12 represents "H NMR results of (MeCp)Ti(OMe) at 
1500 C. 

FIG. 13 is a graphical representation a TGA comparison of 
(MeCp)Ti(OiPr). (MeCp)Ti(OMe), (MeCp)Ti(NMe), and 
(MeCp)Ti(OtBu) to Ti(OiPr) standard precursor. 

FIG. 14 is a graphical representation of growth rate versus 
deposition temperature for ALD of (MeCp)Ti(NMe). 

FIG. 15 is a graphical representation of the dependence of 
TiO, thickness on number of cycles at 200° C. for (MeCp)Ti 
(OiPr). (represented by the line with triangular points) and 
(MeCp)Ti(NMe) (represented by the line with circular 
points) in comparison to Ti(OiPr) standard precursor (repre 
sented by the line with square points). 

FIG. 16A is a graphical representation of Secondary-Ion 
Mass Spectrometry (SIMS) analysis performed of a layer of 
TiO, grown at 200° C. from (MeCp)Ti(OiPr). 

FIG. 16B is a graphical representation of SIMS analysis 
performed of a layer of TiO, grown at 300° C. from (MeCp) 
Ti(OiPr). 

FIG. 17A is a graphical representation of SIMS analysis 
performed of a layer of TiO, grown at 200° C. from (MeCp) 
Ti(NMe). 
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FIG. 17B is a graphical representation of SIMS analysis 
performed of a layer of TiO, grown at 300° C. from (MeCp) 
Ti(NMe). 

DETAILED DESCRIPTION OF THE INVENTION 

In various aspects of the invention, methods are provided 
which utilize titanium-based precursors to form titanium 
containing films by ALD. 
The methods of the invention are used to create or grow 

titanium-containing thin films which display high dielectric 
constants. A dielectric thin film as used herein refers to a thin 
film having a high permittivity. The films created herein by 
ALD are dielectric thin films. 

A. Definitions 

As used herein, the term “precursor refers to an organo 
metallic molecule, complex and/or compound which is deliv 
ered to a substrate for deposition to form a thin film by ALD. 
The organometallic precursor of the invention has at least 

one metallic center comprising a transition metal (“M”). In 
particular, there is one metal center and M is Ti. 

The term "Cp” refers to a cyclopentadienyl (CH) ligand 
which is bound to a transition metal. As used herein, all five 
carbonatoms of the Cp ligandare bound to the metal center in 
m-coordination by it bonding, therefore the precursors of the 
invention are It complexes. 
The term “alkyl refers to a saturated hydrocarbon chain of 

1 to about 6 carbonatoms in length, such as, but not limited to, 
methyl, ethyl, propyl and butyl. The alkyl group may 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 tert-bu 
tyl. Further, as used herein, “Me” refers to methyl, “Et” refers 
to ethyl, "iPr” refers to iso-propyl and “tBu” refers to tert 
butyl. 

The term "amino' herein refers to an optionally substituted 
monovalent nitrogen atom (i.e., NR'R'', where R' and R' 
can be the same or different). Examples of amino groups 
encompassed by the invention include but are not limited to 

--so and --n, and --so 
Further, the nitrogen atom of this amino group is covalently 
bonded to the metal center which together may be referred to 
as an "amide' group (i.e. 

This can be further referred to as an "ammono' group or 
inorganic amide, for example 

R1 RI 
W / 

Hf-N O Zir-N O 
V V 
R2 R2 
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4 
-continued 

R1 
M 

T-N 
M 
R2. 

B. Methods of Use 

In a first embodiment, a method of forming a titanium 
containing film by atomic layer deposition is provided. The 
method comprises delivering at least one precursor to a Sub 
strate, wherein the at least one precursor corresponds in struc 
ture to Formula I: 

(Formula I) 
Wiley-(R) 

T 
n S 

L 

wherein: 
R is C-C-alkyl; 
n is Zero, 1, 2, 3, 4 or 5: 
L is C-C-alkoxy or amino, wherein the amino is option 

ally independently substituted 1 or 2 times with C-C-alkyl. 
In one embodiment, the at least one precursor corresponds 

in structure to Formula I, wherein 
R is methyl, ethyl or propyl: 
n is Zero. 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy, butoxy, dimethylamino, ethylmethylamino, and 
diethylamino. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy, butoxy, dimethylamino, ethylmethylamino, and 
diethylamino. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy, and butoxy. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, wherein 
R is methyl or ethyl: 
n is 1; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy and butoxy. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of dimethylamino, 
ethylmethylamino, and diethylamino. 

In another embodiment, a method of forming a titanium 
containing film by atomic layer deposition is provided, 
wherein the method comprises delivering at least one precur 
Sor to a Substrate, wherein the at least one precursor corre 
sponds in structure to Formula II: 
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(Formula II) 

wherein: 
R is C-C-alkyl; 
n is Zero, 1, 2, 3, 4 or 5: 
L is C-C-alkoxy. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula II wherein 
R is methyl, ethyl or propyl: 
n is Zero, 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy and butoxy. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula II wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy and butoxy. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula II wherein 
R is methyl or ethyl: 
n is 1; and 
L is selected from the group consisting of methoxy, ethoxy, 
propoxy, and butoxy. 

In another embodiment, a method of forming a titanium 
containing film by atomic layer deposition is provided, 
wherein the method comprises delivering at least one precur 
sor to a substrate, wherein the at least one precursor corre 
sponds in structure to Formula III: 

(Formula III) 
Wiley-(R) 

w 

L 

wherein: 
R is C-C-alkyl; 
n is Zero, 1, 2, 3, 4 or 5: 
L is amino, wherein the amino is optionally independently 
substituted 1 or 2 times with C-C-alkyl. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula III, wherein 
R is C-C-alkyl; 
n is Zero, 1 or 2; 
L is amino, wherein the amino is optionally Substituted 1 or 2 
times with C-C-alkyl. 

In another embodiment, the at least one precursor corre 
sponds in structure to Formula III, wherein 
R is C-C-alkyl; 
n is 3, 4 or 5: 
L is amino, wherein the amino is optionally Substituted 1 or 2 
times with C-C-alkyl. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, II or III, wherein butyl is selected 
from the group consisting of n-butyl, sec-butyl, iso-butyl and 
tert-butyl. In a particular embodiment, butyl is tert-butyl. 

In one embodiment, the at least one precursor corresponds 
in structure to Formula I, II or III, wherein propyl is selected 
from the group consisting of n-propyl and iso-propyl. In a 
particular embodiment, propyl is iso-propyl. 

In one embodiment, the at least one precursor correspond 
ing in structure to Formula I, II or III is selected from the 
group consisting of 
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6 
(methylcyclopentadienyl)Ti(NMe): 
(ethylcyclopentadienyl)Ti(NMe): 
(propylcyclopentadienyl)Ti(NMe2); 
(methylcyclopentadienyl)Ti(NEt); 
(ethylcyclopentadienyl)Ti(NEt); 
(propylcyclopentadienyl)Ti(NEt); 
(methylcyclopentadienyl)Ti(NMeEt): 
(ethylcyclopentadienyl)Ti(NMeEt): 
(propylcyclopentadienyl)Ti(NMeEt); 
(methylcyclopentadienyl)Ti(OMe): 
(ethylcyclopentadienyl)Ti(OMe): 
(propylcyclopentadienyl)Ti(OMe): 
(methylcyclopentadienyl)Ti(OEt); 
(ethylcyclopentadienyl)Ti(OEt): 
(propylcyclopentadienyl)Ti(OEt); 
(methylcyclopentadienyl)Ti(OiPr): 
(ethylcyclopentadienyl)Ti(OiPr); 
(propylcyclopentadienyl)Ti(OiPr): 
(methylcyclopentadienyl)Ti(OtBu): 
(ethylcyclopentadienyl)Ti(OtBu); and 
(propylcyclopentadienyl)Ti(OtBu). 

In a particular embodiment, the at least one precursor cor 
responding in structure to Formula I, II or III is selected from 
the group consisting of 

CH 
wo/1 

wo/1 

HCO 

na 
N(CH3)2 

CH 

YOCH, 

(methylcyclopentadienyl)Ti(NMe); (methylcyclopentadi 
enyl)Ti(OMe): 

(methylcyclopentadienyl)Ti(OtBu). 

C. Types of Titanium-Containing Films 

The methods of the invention can be used to form a variety 
of titanium-containing films using at least one organometallic 
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precursor according to Formula I-III. In a particular embodi 
ment, a titanium, titanium oxide or titanium nitride film is 
formed by ALD. 

In a particular embodiment, a titanium oxide film is depos 
ited onto a Substrate. The at least one precursor according to 
Formula I-III may be delivered for deposition to a substrate in 
pulses alternating with pulses of an appropriate oxygen 
source, such as HO. O. and/or ozone. 

In another embodiment, two or more precursors according 
to Formula I-III can be used to form a titanium-containing 
film. 

In another embodiment a titanium-containing film can be 
formed by delivering for deposition at least one precursor 
according to Formula I-III, independently or in combination 
with a co-reactant. Examples of such co-reactants include, but 
are not limited to hydrogen, hydrogen plasma, oxygen, air, 
water, H2O, ammonia, hydrazines, allylhydrazines, boranes, 
silanes, oZone or any combination thereof. 

In another embodiment, a method is provided for forming 
a “mixed' metal film by ALD by delivering for deposition at 
least one precursor according to Formula I-III and at least one 
non-titanium precursor. For example, at least one titanium 
precursor according to Formula I-III and at least one appro 
priate non-titanium precursor. Such as a lead, hafnium, Zirco 
nium, strontium and/or barium precursor may be delivered 
for deposition to a substrate to create a mixed metal film. For 
example, in a particular embodiment, at least one precursor 
according to Formula I-III can be used to form a metal titanate 
film, Such as a strontium titanate, barium titanate film or lead 
zirconate titanate (PZT). 

In a particular embodiment, at least one precursor accord 
ing to Formula I-III can be used to dope a metal oxide film, 
Such as but not limited to a hafnium-containing oxide film, a 
Zirconium-containing oxide film, a lanthanide-containing 
oxide film or any combination thereof. As used herein, when 
at least one precursor according to Formula I-III is used to 
dope a metal oxide film, the titanium may be substitutional or 
interstitial on the film-forming lattice. 

In another particular embodiment, the at least one precur 
sor according to Formula I-III can be used to form a ferro 
electric, lead zirconate titanate (PZT) film. 

D. Permittivity 

A thin film created by a method of the invention can have a 
permittivity of between 10 and 250, preferably at least 25 to 
40 and more preferably at least 40 to 100. Further, an ultra 
high permittivity can be considered to be a value higher than 
100. It is understood by one of ordinary skill in the art that the 
resulting permittivity of the film depends on a number of 
factors, such as the metal(s) used for deposition, the thickness 
of the film created, the parameters and substrate employed 
during growth and Subsequent processing. 

In a particular embodiment, the at least one precursor 
according to Formula I-III can be used to form a metal 
titanate film with an ultra high permittivity (high-K) of over 
1OO. 

E. Substrates 

A variety of substrates can be used in the methods of the 
present invention. For example, the precursors according to 
Formula I-III may be delivered for deposition on substrates 
Such as, but not limited to, silicon, silicon oxide, silicon 
nitride, tantalum, tantalum nitride, or copper. 

F. ALD Types 

The ALD methods of the invention encompass various 
types of ALD processes. For example, in one embodiment 
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8 
conventional ALD is used to form a titanium-containing film 
of the invention. For conventional and/or pulsed injection 
ALD process see for example, George S. M., et. al. J. Phys. 
Chem. 1996. 100:13121-13131. 

In another embodiment, liquid injection ALD is used to 
formatitanium-containing film, wherein a liquid precursor is 
delivered to the reaction chamber by direct liquid injection as 
opposed to vapor draw by a bubbler (conventional). For liquid 
injection ALD process see, for example, Potter R. J., et. al. 
Chem. Vap. Deposition. 2005. 11(3):159. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula I is used to form a titanium 
containing film by liquid injection ALD. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula II is used to formatitanium 
containing film by liquid injection ALD. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula III is used to form a tita 
nium-containing film by liquid injection ALD. 

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 175° C. 
(3) Reactor pressure: about 5 mbar 
(4) Solvent: toluene, or any solvent mentioned above 
(5) Solution concentration: about 0.05 M 
(6) Injection rate: about 2.5ul pulse (4 pulses cycle') 
(7) Inert gas flow rate: about 200 cm min' 
(8) Pulse sequence (sec.) (precursor/purge/HO/purge): 

will vary according to chamber size. 
(9) Number of cycles: will vary according to desired film 

thickness. 
In one embodiment, at least one precursor corresponding in 

structure to Formula I-III is used to form a titanium-contain 
ing film by liquid injection ALD, wherein the at least one 
precursor corresponding in structure to Formula I-III is dis 
solved in a solvent prior to delivery to the substrate. In a 
particular embodiment, the precursor may be dissolved in an 
appropriate hydrocarbon or amine solvent. Appropriate 
hydrocarbon solvents include, but are not limited to aliphatic 
hydrocarbons, such as hexane, heptane and nonane; aromatic 
hydrocarbons, such as toluene and Xylene; aliphatic and 
cyclic ethers, such as diglyme, triglyme and tetraglyme. 
Examples of appropriate amine solvents include, without 
limitation, octylamine and N,N-dimethyldodecylamine. For 
example, the precursor may be dissolved in toluene to yield a 
0.05 to 1M solution. 

In another embodiment, at least one precursor correspond 
ing in structure to Formula I-III may be delivered “neat' 
(undiluted by a carrier gas) to the Substrate. 

In another embodiment, photo-assisted ALD is used to 
formatitanium-containing film. Forphoto-assisted ALD pro 
cessessee, for example, U.S. Pat. No. 4,581.249. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula I is used to form a titanium 
containing film by photo-assisted ALD. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula II is used to formatitanium 
containing film by photo-assisted ALD. 

In a particular embodiment, at least one precursor corre 
sponding in structure to Formula III is used to form a tita 
nium-containing film by photo-assisted ALD. 

In another embodiment, both liquid injection and photo 
assisted ALD may be used to form a titanium-containing film 
using at least one precursor corresponding in structure to 
Formula I-III. 
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Thus, the organometallic precursors according to Formula 
I-III utilized in these methods may be liquid, Solid, or gas 
eous. Particularly, the precursors are liquid at ambient tem 
peratures with high vapor pressure for consistent transport of 
the vapor to the process chamber. 
ALD relies substantially on chemical reactivity and not 

thermal decomposition. Therefore, there are fundamental dif 
ferences in the characteristics desirable for a suitable precur 
sor. The precursor must be thermally stable at the tempera 
tures employed and should be sufficiently volatile to allow 
deposition onto the Substrate. Further, when depositing a 
metal oxide or metal nitride film, a fast and complete chemi 
cal reaction is necessary between the metal precursor and the 
oxide or nitride source. However, the reaction should only 
take place at the Substrate Surface so as not to damage the 
underlying structure and by-products, such as carbon and 
hydrogen, should be removed readily from the surface. 

It has been discovered that variation of the substitution of 
the Cp ring and three identical ligands attached to the metal 
center demonstrates useful and improved properties for ALD 
processes. The precursors of Formula I-III provide an 
increased ability to deposit titanium-containing films, par 
ticularly metal oxide films, by ALD at growth rates approach 
ing that for simple metal amides but can operate at higher 
temperatures due to increased thermal stability which leads to 
improved product quality. For example, see FIG. 7 comparing 
ALD of (MeCp)Ti(OiPr) to two known ALD precursors. The 
ALD window of (MeCp)Ti(OiPr) is about 280°C., therefore 
(MeCp)Ti(OiPr) demonstrates about 50-80°C. temperature 
advantage over these two known ALD precursors. 

In particular embodiments, the methods of the invention 
are utilized for applications such as dynamic random access 
memory (DRAM) and complementary metal oxide semicon 
ductor (CMOS) for memory and logic applications, on sub 
strates such as silicon chips. 

EXAMPLES 

The following examples are merely illustrative, and do not 
limit this disclosure in any way. All manipulations were car 
ried out in an inert atmosphere using a glove box and Schlenk 
line techniques. NMR analysis was carried out using a Bruker 
250 MHZ machine. 

Example 1 

Synthesis of (MeCp)Ti(NMe), 

Hexane 
+ MeCpH -- 

A Schlenk flask was charged with Ti(NMe) (22.4g, 0.1 
mole) and anhydrous hexane (50 mls). Freshly cracked 
MeCpH (7.9 g, 0.1 mole) was then added over 10 minutes to 
the stirred solution at room temperature. A condenser was 
fitted and the mixture refluxed for 2 hours and the solvent then 
removed under reduced pressure. The crude material was 
distilled at 90° C., 0.001 Torr yielding pure (MeCp)Ti 
(NMe) as a dark red solid/liquid in ~90% yield. 
NMR (CD): 5.9 (m. 2H, CH4), 5.75 (m. 2H, CH), 3.1 

(S, 18H, N(CH)), 2.05 (s. 3H, CHCp) 
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C, H, N: C H N 

Expected 55.57 9.65 16.21 
Actual 58.4 9.67 15.7 

Example 2 

Synthesis of (MeCp)Ti(OtBu), 

Hexane 
(MeCp)Ti(NMe2)3 + 3tBuOH -- (MeCp)Ti(OtBu) 

A Schlenk flask was charged with (MeCp)Ti(NMe) (25.9 
g, 0.1 mole) and anhydrous hexane (50 mls). A second 
Schlenk flask was charged tBuOH (22.2g, 0.3 mole) and 
dissolved in anhydrous hexane (20 mls). The anhydrous solu 
tions were then added over 30 minutes to the stirred titanium 
solution at room temperature and the mixture stirred for 4 
hours. The solvent was then removed under reduced pressure. 
The crude material was distilled at 50° C., 0.001 Torryielding 
pure (MeCp)Ti(OtBu) as a pale yellow oil in ~90% yield. 
NMR (CD): 6.1 (m. 2H, CH), 5.95 (m. 2H, CH), 2.2 

(s, 3H, CHCp), 1.25 (s. 27H, C(CH). 

C, H, N: C H N 

Expected 62.4 9.82 O 
Actual 618 9.78 O 

Example 3 

Synthesis of (MeCp)Ti(OiPr) 

i) Et2O 
CITi(OiPr) + MeCpLi - (MeCp)Ti(OiPr) 

ii) Hexane 

A 2 Lt round bottom flask fitted with a mechanical stirrer 
was charged with nBuLi (62.5 mls of 1.6M solution in hex 
ane, 0.1 moles) and anhydrous diethyl ether (1.0 Lt). The 
solution was cooled to 0°C. and freshly cracked MeCpH (7.9 
g, 0.1 moles) was added over 30 minutes and the Suspension 
then stirred for 2 hours at room temperature. A Schlenk flask 
was charged with CITi(OiPr) (26.0 g, 0.1 moles) and anhy 
drous diethyl ether (50 mls). The titanium solution was added 
to the 2Lt flask cooled to -30°C. over 30 minutes, then stirred 
at room temperature for 12 hours. The solvent was removed 
under reduced pressure and the product extracted with anhy 
drous hexane (2x200 mls), filtered and the solvent removed 
under reduced pressure. The crude product was distilled at 
50° C., 0.001 Torr yielding pure (MeCp)Ti(OiPr), as an 
orange oil in ~90% yield. 
NMR (CD): 6.05 (m, 2H CH), 5.9 (m. 2H, CH), 4.5 

(septet, 3H, CHMe), 2.2 (s, 3H, CHCp), 1.15 (d. 18H, 
CHC(CH)). 
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C, H, N: C H N 

Expected 59.16 9.2 O 
Actual 58.0 9.3 O 

Example 4 

Synthesis of (MeCp)Ti(OMe), 

3CHCOICI 3MeOH 
(MeCp)Ti(OiPr) -- (MeCp)TiCl3 - > 

3NEt 
(MeCp)Ti(OMe)3 

A 2 Lt round bottom flask fitted with a mechanical stirrer 
was charged with (MeCp)Ti(OiPr) (30.4 g., 0.1 mole) and 
anhydrous diethyl ether (1 Lt). A Schlenk flask was charged 
with CHCIOC1 (34.0 g, 0.44 moles, ~1.5x excess) and 
anhydrous diethyl ether (100 mls). The CHCIOCl/anhy 
drous diethyl ether solution was then added to the titanium 
Solution at room temperature over 1 hour and the Solution 
then refluxed for 12 hours. A Schlenk flask was charged with 
anhydrous MeCH (11.5g, 0.36 moles, 1.2 excess), anhydrous 
NEt (36.3 g, 0.36 moles, 1.2 excess) and anhydrous diethyl 
ether (200 mls). The MeOH/anhydrous Net/anhydrous 
diethyl ether solution was added to the titanium solution 
cooled to -10° C. over 60 minutes and the thick suspension 
stirred at room temperature for 3 hours. The solvent was 
removed under reduced pressure and the product extracted 
with anhydrous hexane (2x300 mls), filtered and the solvent 
removed under reduced pressure. The crude product was dis 
tilled at 50° C., 0.001 Torryielding pure (MeCp)Ti(OMe), as 
a yellow oil in ~50% yield. 
NMR (CD): 5.95 (m, 2H CH), 5.8 (m, 2H, CH), 3.9 

(s, 9H, OCH), 2.0 (s, 3H, CHCp). 

C, H, N: C H N 

Expected 41.08 6.85 O 
Actual 51.7 7.5 O 

Example 5 

H NMR Thermal Stability Study 

A neat precursor sample was sealed in a NMR tube under 
nitrogen. The sample was then heated for the required length 
of time with testing periodically. 

FIG. 11 represents "H NMR results of (MeCp)Ti(NMe), 
at 150° C. 

FIG. 12 represents HNMR results of (MeCp)Ti(OMe) at 
15OO C. 

The stability of these compounds at high temperatures is 
clearly sufficient for their use in standard delivery mecha 
nisms used to introduce precursor vapors into deposition 
chambers for all methods of vapor phase deposition including 
but not limited to MOCVD (metal organic chemical vapor 
deposition), MOVPE (metal organic vapor phase epitaxy) 
and ALD. 
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Example 6 

Vapor Pressure Study 

FIG. 1 and FIG. 2 demonstrate vapor pressure versus tem 
perature for (MeCp)Ti(OiPr) and (MeCp)Ti(NMe), 
respectively. 

FIG. 3 contains the vapor pressure equations for (MeCp) 
Ti(OiPr) and (MeCp)Ti(NMe). 

FIG. 3A represents the vapor pressure curves of the above 
recited precursors in comparison to Ti(OiPr). 
The volatility of the precursors in the range suited for 

desired vapor delivery rates is shown to be very similar to 
Ti(OiPr), a well established titanium precursor hence the new 
Sources are capable of direct Substitution in to existing pro 
cess delivery technologies. The high volatility is a distinct 
advantage for high Volume manufacture to keep thermal bud 
gets to a minimum to save energy and also limit the potential 
for deleterious pre-reactions and deposits. 

Example 7 

TGA Data 

FIG. 4 represents TGA data for (MeCp)Ti(OiPr). 
FIG. 5 represents TGA data for (MeCp)Ti(OMe). 
FIG.9 represents TGA data for (MeCp)Ti(NMe...). 
FIG. 10 represents TGA data for (MeCp)Ti(OtBu). 
FIG. 13 represents a TGA comparison of (MeCp)Ti(Oi 

Pr). (MeCp)Ti(OMe), (MeCp)Ti(NMe), and (MeCp)Ti 
(OtBu) to Ti(OiPr) standard precursor. 
The vaporization characteristics of the optimized new 

Sources are clearly demonstrated as Superior to the conven 
tional titanium source with reduced residues at higher tem 
peratures. The ability to access higher growth temperatures 
without premature decomposition is of great benefit to ALD 
process, especially at larger batch sizes where uniformity of 
film thicknesses over large areas is critical. 

Example 8 

ALD of (MeCp)Ti(OiPr). 

Titanium oxide thin films were deposited in a custom-built 
ALD reactor. (MeCp)Ti(OiPr) and ozone were used as pre 
cursors. The titanium oxide films were deposited on silicon 
wafer substrates. Prior to deposition, the wafer substrates 
were prepared by dicing the wafer (1 inchx/2 inch), and 1% 
HF polished. 
The growth temperature was 200-350° C. The growth pres 

sure was 0.5-1.5 Torr. The reactor was continuously purged 
with 30 sccm of dry nitrogen. All the computer controlled 
valves in the reactor were the air operated ALD VCR valves 
from Cajon. 
OZone was purged in excess. The titanium was stored in a 

stainless steelampoule. Attached directly to the ampoule was 
an ALD valve. The output of this ALD valve was Teed with 
another ALD valve used for nitrogen injection. The Tee outlet 
leg was connected to a 500 cm stainless steel reservoir. The 
outlet of the reservoir was attached to a third ALD valve, 
called the inject valve, whose outlet goes directly to the reac 
tor. Nitrogen injection was used to build up the total pressure 
behind the titanium inject valve so that the pressure was 
higher than the reactor growth pressure. The injected nitrogen 
was accomplished using a 30 micron pin hole VCR gasket. 
All of the valves and ampoule were placed into an oven-like 
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enclosure that allowed the ampoule, valves, and tubing to be 
heated uniformly to 50° C. to 250° C. 

During the ALD growth operation, the valves were 
sequenced in the following manner. The titanium precursor 
was introduced to the activated silicon Surface. A nitrogen 
purge then took place which included evacuation to remove 
Surplus reactant molecules not attached to the Surface. OZone 
was then introduced as a co-reactant species, followed by an 
additional purge with nitrogen. The oZone was then injected 
to start the ALD cycle all over again. 

The total amount of cycles was from 100 to 400, typically 
300. Results showed that the deposition rate was independent 
of the titanium dose as varied through its vapor pressure, 
which in turn was varied through its evaporation temperature. 
This proves that the film growth proceeded in a self-limiting 
manner as is characteristic of ALD. 

FIG.7 demonstrates ALD growth data of (MeCp)Ti(OiPr). 
in comparison with two standard precursors, i.e. Ti(OiPr) 
and Ti(Me) 

FIG. 8 demonstrates increase in thickness with number of 
cycles which demonstrates the ALD behavior of (MeCp)Ti 
(OiPr) at 200° C. 

FIG. 8A demonstrates growth rate versus deposition tem 
perature for ALD of (MeCp)Ti(OiPr). The growth rate at 
200° C. was about 0.35 A/cycle. 

Example 9 

ALD of (MeCp)Ti(NMe), 

The procedure used in Example 5 was used to perform 
ALD using (MeCp)Ti(NMe2). 

FIG. 14 demonstrates growth rate versus deposition tem 
perature for ALD of (MeCp)Ti(NMe). The growth rate at 
200° C. was about 0.87 A/cycle. 

FIG. 15 demonstrates the dependence of TiO, thickness on 
number of cycles at 200° C. for (MeCp)Ti(OiPr), and (MeCp) 
Ti(NMe) in comparison to Ti(OiPr) standard precursor. 

Example 10 

SIMS Analysis of TiO, from (MeCp)Ti(OiPr). 

FIGS. 16A and 16B represent SIMS analysis performed of 
TiO, from (MeCp)Ti(OiPr). FIG. 16A represents a layer 
grown at 200° C. and FIG. 16B represents a layer grown at 
300° C. 

In both cases the Ti:O ratio in the deposited layer is sto 
ichiometric. At the lower growth temperature the carbon 
background is high but at 300° C. this has been significantly 
reduced. Indeed the carbon level at the same growth tempera 
ture for the conventional Ti(OiPr)4 remains much higher 
(10' cf 10') highlighting the cleaner organic material 
removal from the Surface reactions achieved using the new 
SOUCS. 

Example 11 

SIMS Analysis of TiO, from (MeCp)Ti(NMe), 

FIGS. 17A and 17B represent SIMS analysis performed of 
TiO, from (MeCp)Ti(NMe). FIG. 17A represents a layer 
grown at 200° C. and FIG. 17B represents a layer grown at 
300° C. 
As for the (MeCp)Ti(OiPr) the results highlight the much 

reduced carbon contamination of deposited films. 
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All patents and publications cited herein are incorporated 

by reference into this application in their entirety. 
The words “comprise”, “comprises, and “comprising are 

to be interpreted inclusively rather than exclusively. 
What is claimed is: 
1. A method of forming a titanium-containing film by 

atomic layer deposition, the method comprising delivering at 
least one precursor to a Substrate, wherein the at least one 
precursor corresponds in structure to Formula III: 

(Formula II) 
VS-27 (R) 

by's L 
wherein: 
R is C-C-alkyl; 
n is 1, 2, 3 or 4 or 5); and 
L is C-C-alkoxy or amino, wherein the amino is option 

ally independently substituted 1 or 2 times with C-C- 
alkyl). 

2. The method of claim 1, wherein 
R is methyl, ethyl or propyl: 
n is 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 

propoxy and butoxy, dimethylamino, ethylmethy 
lamino, and diethylamino. 

3. The method of claim 1, wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of methoxy, ethoxy, 

propoxy, and butoxy. 
4. The method of claim 1, wherein 
R is methyl or ethyl: 
n is 1; and 
L is selected from the group consisting of methoxy, ethoxy, 

propoxy and butoxy. 
5. The method of claim 1, wherein 
R is methyl or ethyl: 
n is 1 or 2; and 
L is selected from the group consisting of dimethylamino, 

ethylmethylamino, and diethylamino. 
6. The method of claim 1, wherein the compound of For 

mula (I) II is selected from the group consisting of: 
(methylcyclopentadienyl)Ti(NMe): 
(ethylcyclopentadienyl)Ti(NMe): 
(propylcyclopentadienyl)Ti(NMe); 
(methylcyclopentadienyl)Ti(NEt); 
(ethylcyclopentadienyl)Ti(NEt); 
(propylcyclopentadienyl)Ti(NEt3); 
(methylcyclopentadienyl)Ti(NMeEt); 
(ethylcyclopentadienyl)Ti(NMeEt); 
(propylcyclopentadienyl)Ti(NMeEt) 
(methylcyclopentadienyl)Ti(OMe): 
(ethylcyclopentadienyl)Ti(OMe): 
(propylcyclopentadienyl)Ti(OMe): 
(methylcyclopentadienyl)Ti(OEt): 
(ethylcyclopentadienyl)Ti(OEt): 
(propylcyclopentadienyl)Ti(OEt): 
(methylcyclopentadienyl)Ti(OiPr): 
(ethylcyclopentadienyl)Ti(OiPr): 
(propylcyclopentadienyl)Ti(OiPr): 
(methylcyclopentadienyl)Ti(OtBu); 
(ethylcyclopentadienyl)Ti(OtBu); and 
(propylcyclopentadienyl)Ti(OtBu). 
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7. The method of claim 1, wherein the compound of For 
mula (I) II is selected from the group consisting of: 

(methylcyclopentadienyl)Ti(NMe) 
(methylcyclopentadienyl)Ti(OMe): 
(methylcyclopentadienyl)Ti(OiPr); and 
(methylcyclopentadienyl)Ti(OtBu). 
8. The method of claim 1, wherein the atomic layer depo 

sition comprises photo-assisted atomic layer deposition. 
9. The method of claim 1, wherein the atomic layer depo 

sition comprises liquid injection atomic layer deposition. 
10. The method of claim 1, wherein the at least one pre 

cursor is delivered to the substrate in pulses alternating with 
pulses of an oxygen Source. 

11. The method of claim 10, wherein the oxygen source is 
selected from H2O, O, or ozone. 

12. The method of claim 1, further comprising delivering to 
the Substrate at least one co-reactant selected from the group 
consisting of hydrogen, hydrogen plasma, oxygen, air, water, 
ammonia, hydrazines, alkylhydrazines, boranes, silanes, 
oZone and a combination thereof. 

13. The method of claim 1, wherein at least two precursors 
corresponding in structure to Formula III are delivered to 
the Substrate to form a titanium-containing film by atomic 
layer deposition. 

14. The method of claim 1, further comprising delivering to 
the Substrate at least one non-titanium precursor to form a 
mixed metal film by atomic layer deposition. 

15. The method of claim 14, wherein the mixed metal film 
formed is selected from the group consisting of strontium 
titanate, barium titanate, hafnium titanate, Zirconium titanate 
and lead Zirconate titanate. 

16. The method of claim 1, wherein the titanium-contain 
ing film is used for a memory and/or logic application. 

17. The method of claim I, wherein the substrate is silicon, 
silicon oxide, silicon nitride, tantalum, tantalum nitride, or 
Copper. 

18. A method of forming a titanium-containing film by 
atomic layer deposition, the method comprising delivering at 
least one precursor to a substrate, wherein the at least one 
precursor corresponds in structure to Formula III: 

(Formula III) 

wherein. 
R is C-C-alkyl 
n is 1, 2, 3, 4 or 5 and 
L is amino, wherein the amino is optionally independently 

substituted 1 or 2 times with C-C-alkyl. 
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19. The method of claim 18, wherein 
R is methyl, ethyl or propyl 
n is 1 or 2, and 
L is selected from the group consisting of dimethylamino, 

5 ethylmethylamino, and diethylamino. 
20. The method of claim 18, wherein 
R is methyl or ethyl 
n is 1 or 2, and 
L is selected from the group consisting of dimethylamino, 

ethylmethylamino, and diethylamino. 
21. The method of claim 18, wherein the compound of 

Formula III is selected from the group consisting of 
(methylcyclopentadienyl)Ti(NMe2). 
(ethylcyclopentadienyl)Ti(NMe), 
(propylcyclopentadienyl)Ti(NMe), 
(methylcyclopentadienyl)Ti(NEt). 
(ethylcyclopentadienyl)Ti(NEt3). 
(propylcyclopentadienyl)Ti(NEt), 
(methylcyclopentadienyl)Ti(NMeEt). 
(ethylcyclopentadienyl)Ti(NMeEt), and 
(propylcyclopentadienyl)Ti(NMeEt). 
22. The method of claim 18, wherein the compound of 

Formula III is methylcyclopentadienyl)Ti(NMe). 
23. The method of claim 18, wherein the atomic layer 

deposition comprises photo-assisted atomic layer deposition. 
24. The method of claim 18, wherein the atomic layer 

deposition comprises liquid injection atomic layer deposi 
tion. 

25. The method of claim 18, wherein the at least one pre 
cursor is delivered to the substrate in pulses alternating with 

30 pulses of an Oxygen source. 
26. The method of claim 25, wherein the oxygen source is 

selected from HO, O, or ozone. 
27. The method of claim 18, filrther comprising delivering 

to the substrate at least one co-reactant selected from the 
35 group consisting of hydrogen, hydrogen plasma, Oxygen, air, 

water, ammonia, hydrazines, alkylhydrazines, boranes, 
silanes, Ozone and a combination thereof. 

28. The method of claim 18, wherein at least two precursors 
corresponding in structure to Formula III are delivered to the 

40 substrate to form a titanium-containing film by atomic layer 
deposition. 

29. The method of claim 18, filrther comprising delivering 
to the substrate at least one non-titanium precursor to form a 
mixed metal film by atomic layer deposition. 

30. The method of claim 29, wherein the mixed metal film 
formed is selected from the group consisting of strontium 
titanate, barium titanate, hafnium titanate, zirconium titanate 
and lead zirconate titanate. 

31. The method of claim 18, wherein the titanium-contain 
ing film is used for a memory and/or logic application. 

32. The method of claim 18, wherein the substrate is sili 
con, silicon oxide, silicon nitride, tantalum, tantalum nitride, 
Or Copper: 

10 

15 

25 

45 

50 


