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compound to metal oxide. The bonded metal compound is 
converted to metal oxide by contacting it With a reactive 
vapour source of oxygen other than Water, and the substrate is 
kept at a temperature of less than 1900 C. during the groWth 
process. By means of the invention it is possible to produce 
?lms of good quality at loW temperatures. The dielectric thin 
?lms having a dense structure can be used for passivating 
surfaces that do not endure high temperatures. Such surfaces 
include, for example, organic ?lms in integrated circuits and 
polymer ?lms such as in organic electroluminescent displays 
and organic solar cells. Further, When a Water-free oxygen 
source is used, surfaces that are sensitive to Water can be 
passivated. 
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PROCESS FOR PRODUCING METAL OXIDE 
FILMS AT LOW TEMPERATURES 

REFERENCE TO RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. application Ser. No. 10/003,749, ?led October 23, 2001, 
now US. Pat. No. 6,743,475 and claims priority under 35 
U.S.C. §119(a) to Finnish Patent Application No. 20002323, 
?led October 23, 2000. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention concerns a process for pro 
ducing metal oxide ?lms by an ALD type process. According 
to the preferred process the metal oxide ?lms are produced at 
loW temperatures by bonding a metal compound on a sub 
strate and converting said metal compound into a metal oxide. 

[0004] 2. Description of RelatedArt 

[0005] Dielectric thin ?lms having a high dielectric con 
stant (permittivity) have a number of applications in the ?eld 
of micro electronics. For example, they may replace the SiO2 
and Si3N4 presently used in DRAM-memories in order to 
maintain the necessary capacitance as the siZe of capacitors is 
reduced. 

[0006] A1203 ?lms suitable for passivating surfaces have 
previously been prepared by physical processes, such as sput 
tering. The problem With the ?lms produced by sputtering has 
been the unevenness of the resulting ?lm, and the pinholes 
that are formed in the ?lm. These pinholes may form a diffu 
sion path for Water through the ?lm. 

[0007] US. Pat. No. 6,124,158 discloses a method of 
reducing carbon contamination of A1203 thin ?lms deposited 
by anALD method. The ALD process uses organic aluminum 
precursors and Water. In at least every three cycle, oZone is 
introduced into the reaction chamber to reduce carbon con 
taminants. The process has its limits since aluminum oxide 
?lms deposited below 1900 C. Were not dense and reproduc 
ible. 

[0008] ALD methods have also been used for producing 
AlZO3 ?lms by using aluminum alkoxides, trimethyl alumi 
num (TMA) or AlCl3 as the aluminum source material and 
Water, alcohols, H2O2 or NZO as the oxygen source material. 
A1203 ?lms from TMA and Water have been deposited at 
temperatures in the range from 150 to 400° C. Typically the 
temperature has beenbetWeen 150° C. and 300° C. The result 
ing ?lms had uniform thickness and did not contain any 
pinholes. HoWever, the density of the ?lm has been question 
able at the loWer end of the deposition temperature range. 

[0009] In applications involving organic polymers or loW 
molecular Weight organic molecules, such as organic EL 
displays, also knoWn as organic light-emitting displays or 
organic light-emitting diodes (OLED), the deposition tem 
perature is preferably less than 150° C., While in applications 
Where the substrate is sensitive to Water it is not feasible to use 
Water as the oxygen source material. Further, the substrates 
With organic layers are typically exposed to alkaline solutions 
during certain process steps, Which imposes strict require 
ments to the properties of the protective layer on the organic 
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surface. Pinholes are not tolerated at all in protective layers. 
Thus there is a need for a process of producing metal oxide 
?lms by ALD at loW temperatures using an oxygen source 
other than Water. 

SUMMARY OF THE INVENTION 

[0010] The present invention is based on the surprising 
?nding that high-quality metal oxide thin ?lms can be groWn 
by an ALD type process at substrate temperatures doWn to 
about 50° C. Another surprising ?nding is that oZone can be 
used in the deposition process Without destroying the prop 
erties of substrates that contain an organic layer. A dense, 
pinhole-free thin ?lm layer can be produced very quickly by 
ALD on the substrate surface, Which protects the sensitive 
materials underneath the surface against the surrounding gas 
atmosphere. 

[0011] In accordance With one aspect of the present inven 
tion a process is provided for depositing a thin ?lm of metal 
oxide on a substrate by an atomic layer deposition process 
that comprises a plurality of cycles. Each cycle comprises 
supplying a ?rst reactant that comprises a gaseous metal 
compound and supplying a gaseous second reactant that com 
prises a source of oxygen other than Water. The second reac 
tant converts the adsorbed portion of the ?rst reactant on the 
substrate to metal oxide. Preferably the substrate is main 
tained at a temperature of less than 190° C. during the ALD 
process. 

[0012] A number of considerable advantages is obtained by 
means of the preferred embodiments. For example, With the 
aid of the present invention, it is possible to produce metal 
?lms of good quality at loW temperatures. 

[0013] Dielectric thin ?lms With a dense structure can be 
used for passivating surfaces that do not tolerate high tem 
peratures. Such surfaces include, for example, polymer ?lms. 
If a Water-free oxygen source is used, surfaces that are sensi 
tive to Water can also be passivated. 

[0014] In addition, dielectric ?lms, including metal oxide 
thin ?lms, With a dense structure can be used as buffer layers 
betWeen functional ?lms that include at least one organic 
?lm. The dielectric ?lm then prevents either reaction or dif 
fusion betWeen the functional ?lms. 

BRIEF DESCRIPTION OF THE FIGURES 

[0015] FIG. 1 is a schematic depiction of a cross-section of 
an organic EL display Which is sealed against surrounding gas 
atmosphere With a passivating layer. 

[0016] FIG. 2 depicts a structure of a SAW (SurfaceAcous 
tic Wave) ?lter. 

[0017] FIG. 3 depicts the structure of preferred peracids, 
such as peracetic acid CH3COOOH, Which contain OOH and 
0 groups bound to the same carbon atom. 

[0018] FIG. 4 depicts the structure of preferred organic 
oZonides, Which contain both 0 and 040 groups betWeen 
tWo carbon atoms. 

[0019] FIG. 5 depicts the elimination of surplus OH groups 
and formation of Al4OiAl bridges that may lead to the 
densi?cation of A1203 surfaces. 
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DETAILED DESCRIPTION OF THE INVENTION 

De?nitions 

[0020] For the purpose of the present invention, an “ALD 
type process” designates a process in Which deposition of a 
thin ?lm from gaseous source chemicals onto a surface is 
based on sequential self-saturating surface reactions. The 
principles ofthe ALD process are disclosed, e.g., in US. Pat. 
No. 6,015,590. 

[0021] “Reaction space” is used to designate a reactor or 
reaction chamber in Which the conditions can be adjusted so 
that the deposition of a thin ?lm on a substrate by ALD is 
possible. 
[0022] “Thin ?lm” is used to designate a ?lm that is groWn 
from elements or compounds that are transported as separate 
ions, atoms or molecules via vacuum, gaseous phase or liquid 
phase from the source to the substrate. The thickness of the 
?lm depends on the application and it varies in a Wide range, 
e.g., from one molecular layer (about 0.5 nm) up to 1,000 nm, 
or even more. 

[0023] “Metal oxide” is used to designate a thin ?lm that 
comprises at least one metal bound to oxygen. Preferably, the 
metal is selected from the group consisting of metals of 
Groups IIA, IIIB, IVB, VB and VIB. More preferably, the 
metal is selected from the group consisting of Mg, Sc, Y, La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,Yb, Lu, Ti, Zr, Hf, 
V, Nb, Ta, Cr, Mo and W. 

[0024] A thin ?lm comprising metal oxide may comprise, 
for example and Without limitation, a single metal oxide (e.g. 
A1203, Ta2O5, TiO2, ZrO2 or HfOZ), solid solutions of metal 
oxides (e.g. Ta2XNb2_2xO5 or Tim Zrl_m O2), ternary metal 
oxides (e.g. aluminum titanate Al2TiO5 or hafnium silicate 
HfSiO4), doped metal oxides (e.g. Al2O3:Ta or TiOzzTa), and 
layered or nanolaminate metal oxides (e.g. Al2O3/Ta2O5 or 
Al2O3/TiO2). 
[0025] By “dense” structure is meant a thin ?lm Which has 
a smaller leakage current through it, or Which has a loWer 
permeability to ions or gases When comparing tWo thin ?lms 
consisting essentially of the same basic material, such as tWo 
thin ?lm of A1203 deposited by different processes. 

The Deposition Process 

[0026] A metal oxide thin ?lm, such as A1203, Ta2O5, TiO2 
or HfO2, functioning as a dielectric or a passivating layer is 
groWn on a desired substrate by ALD. The substrate is heated 
to the processing temperature, Which is preferably selected 
from a range of about 50° C. to about 190° C. More preferably 
the processing temperature is less than about 150° C., even 
more preferably less than about 125° C. and even more pref 
erably less than about 100° C. 

[0027] The metal source chemicals used in the ALD pro 
cesses preferably have metal4carbon and/or metalinitro 
gen chemical bonds or coordination bonds betWeen the cen 
tral metal atom and its ligands. In addition, metal alkoxides 
that have metalioxygen bond may be used. 

[0028] Although metal halides may used as metal source 
chemicals, it is generally preferred that the metal source 
chemical contain as feW metalihalogen bonds as possible, 
because it is dif?cult to remove halogen atoms from the 
substrate surface at loW process temperatures. More prefer 
ably the metal source chemical is not a metal halide. 
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[0029] In addition, the source chemical is preferably ther 
mally stable. That is, the metal source chemical preferably 
does not decompose thermally during the pulse time at the 
deposition temperature. Further, the metal source chemical 
preferably has su?icient vapor pressure (at least about 0.05 
mbar) at the source temperature. The source temperature 
should be loWer than the deposition temperature to prevent 
uncontrollable condensation of the source chemical on the 
substrate. The source chemical molecules should chemisorb 
on the substrate so that no more than about a molecular 

monolayer of the source chemical molecules stay on the 
surface before the next source chemical pulse arrives to the 
reaction chamber. 

[0030] Exemplary metal source chemicals are listed beloW 
by their Group number in the Periodic Table of the Elements. 
HoWever, the invention is not limited to the disclosed chemi 
cals because the skilled artisan Will recogniZe that similar 
chemicals and derivatives of disclosed chemicals can be used 
in the deposition process Without departing from the scope of 
the invention. 

[0031] Source chemicals can be obtained, for example, 
from Sigma-Aldrich, USA. 

Group HA: 

[0032] Preferred Group IIA metal compounds include 
compounds of magnesium (Mg), particularly cyclopentadi 
enyl compounds of magnesium such as bis(cyclopentadienyl) 
magnesium. 

Group IIIB 

[0033] Preferred group IIIB metal compounds include 
compounds of scandium (Sc), yttrium (Y), lanthanum (La), 
cerium (Ce), praseodymium (Pr), neodymium (Nd), 
samarium (Sm), europium (Eu), gadolinium (Gd), terbium 
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium 
(Tm), ytterbium (Yb) and lutetium (Lu). Particularly pre 
ferred are cyclopentadienyl compounds, such as tris(tetram 
ethylcyclopentadienyl)lanthanum; and silylamide com 
pounds, such as tris[N,N-bis(trimethylsilyl)amide] 
lanthanum(III). 
Group IVB: 

[0034] Preferred group IVB metal compounds include 
compounds of titanium (Ti), Zirconium (Zr) and hafnium 
(Hf). Particularly preferred are dialkylamide compounds 
(also referred to as dialkylamino compounds) such as meth 
ylethylamides, e.g. tetrakis(ethylmethylamide)hafnium 
(TEMAH), tetrakis(dimethylamide)hafnium (TDMAH), tet 
rakis(ethylmethylamino)Zirconium and tetrakis(ethylmethy 
lamino)titanium; 

[0035] cyclopentadienyl compounds such as tri 
methoxy(pentamethylcyclopentadienyl)titanium(IV); 
and alkoxide compounds such as titanium(IV)tert-bu 
toxide. 

Group VB: 

[0036] Preferred group VB metal compounds include com 
pounds of vanadium (V), niobium (Nb) and tantalum (Ta). 
Particularly preferred are dialkylamino compounds such as 
pentakis(dimethylamino)tantalum; imino compounds such 
as tris(diethylamino)(ethylimino)tantalum and tris(diethy 
lamino)(tert-butylimino)tantalum; 
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[0037] cyclopentadienyl compounds; silylamide com 
pounds such as bis(cyclopentadienyl)N,N-bis(trimeth 
ylsilyl)amidevanadium and tris[N,N-bis(trimethylsily 
l)amide]vanadium(III); [3-diketonate compounds such 
as vanadium(III)acetylacetonate; and alkoxide com 

pounds such as vanadium(V) oxytriethoxide, niobium 
(V )ethoxide and tantalum pentaethoxide. 

Group VIB: 

[0038] Preferred group VIB metal compounds include 
compounds of chromium (Cr), molybdenum (Mo) and tung 
sten (W). Particularly preferred are carbonyl compounds such 
as chromium hexacarbonyl Cr(CO)6, tungsten hexacarbonyl 
W(CO)6, molybdenum hexacarbonyl Mo(CO)6 and tricarbo 
nyl(mesitylene)tungsten; cyclopentadienyl compounds such 
as bis(cyclopentadienyl)tungsten dihydride, bis(cyclopenta 
dienyl)ditungsten hexacarbonyl and bis(ethylcyclopentadi 
enyl)chromium; and derivatives of cyclopentadienyls such as 
bis(isopropylcyclopentadienyl)tungsten dihydride. 

Group IIIA: 

[0039] Preferred Group IIIA metal source compounds 
include aluminum (Al) compounds, particularly organoalu 
minum compounds comprising at least one alkyl group bound 
to aluminum, such as monoalkyl aluminum compounds 
L1AlX2 Wherein X is selected from the group consisting of H, 
F, Cl, Br, I, RCHO, Wherein RCHO is an alkoxy group and L1 
is a linear or branched hydrocarbon that is saturated or unsat 
urated; dialkyl aluminum compounds LILZAIX Wherein X is 
selected from the group consisting of H, F, Cl, Br, I, RCHO, 
Wherein RCHO is an alkoxy ligand and L1 and L2 are linear or 
branched hydrocarbons With single, double and/or triple 
bonds betWeen carbon atoms; and trialkyl aluminum com 
pounds LlL2L3Al Wherein L1, L2 and L3 are linear or 
branched hydrocarbons With single, double and/or triple 
bonds betWeen carbon atoms. 

[0040] Most preferably trimethyl aluminum (CH3 )3Al, also 
knoWn as TMA, is used as the aluminum source chemical. 

[0041] The metal source compound is preferably intro 
duced into the reaction chamber in gaseous phase and con 
tacted With the substrate surface. 

Group VIA: Oxygen O Source Chemicals 

[0042] Strongly oxidizing source chemicals containing 
oxygen are preferably used. In preferred embodiments, one or 
more oxygen source chemicals selected from the folloWing 
group are used: oZone, organic oZonides, oxygen atoms con 
taining unpaired electrons, organic peroxides and organic 
peracids. 

[0043] Preferred peracids, such as peracetic acid 
CH3COOOH, contain OOH and O groups bound to the same 
carbon atom as depicted in FIG. 3. 

[0044] Preferred organic oZonides contain both O and 
OiO groups betWeen tWo carbon atoms, as depicted in FIG. 
4. 

[0045] Dimethyl peroxide and benZoyl peroxide are 
examples of suitable organic peroxides. In addition, other 
preferred peroxides include peroxides of formula I and II: 

Rl4O4OiR2 (1) 
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wherein R1 and R2 are linear, branched or cyclic organic 
ligands such as CH3, (CH3)3C, C6H5 or benZoyl; and 

wherein R1 is a linear, branched or cyclic organic ligand such 
as CH3, (CH3)3C or C6H5. 

[0046] Most preferably oZone is used as an oxygen source. 
Water is preferably not used as a source chemical in the 
deposition process. The resulting groWth rate of aluminum 
oxide from TMA and oZone may be as good as around 0.8 
A/cycle. It is assumed that the surface reactions betWeen 
oZone and trimethyl aluminum or fractions of trimethyl alu 
minum bound to surface, such as dimethyl aluminum and 
monomethyl aluminum, provide enough OH groups on the 
aluminum oxide surface for the self-saturating chemisorption 
reaction of the folloWing trimethyl aluminum pulse With the 
substrate surface. 

[0047] In addition to serving as an oxygen source for the 
process, oZone also contains a lot of chemical energy that is 
released When the molecule is broken. 

163.2 kJ/mol 

(N. N. GreenWood and A. EarnshaW, “Chemistry of the Ele 
ments”, Pergamon Press Ltd., Oxford, England 1986.) 

[0048] As a result, the break up of oZone molecules can 
provide additional energy to the top molecular layers of sur 
faces and thus promote some surface reactions. The densi? 
cation of A1203 surface may proceed via elimination of sur 
plus OH groups and formation of Al4OiAl bridges as 
depicted in FIG. 5. 

[0049] Also When the O40 bond of an organic peroxide 
breaks, the resulting RO* fragments are highly reactive. 

[0050] Before introduction to the reaction chamber, the 
oZone or other oxygen source is optionally diluted With inac 
tive gases. For example, oxygen gas, inert gases such as 
nitrogen, or noble gases such as argon may be used for this 
purpose. 

[0051] Examples of applications for Which the metal oxide 
?lms prepared according to the present process are particu 
larly suitable include organic light-emitting diodes or dis 
plays (OLED), organic electroluminescent displays (OEL), 
organic solar cells (OSC), integrated circuits having organic 
layers and surface acoustic Wave (SAW) ?lters. These appli 
cations generally require a loW deposition temperature and/or 
are sensitive to moisture and/or oxygen. 

[0052] According to a ?rst preferred embodiment of the 
present invention, an organic EL display is provided With a 
passivating layer according to a preferred deposition process. 
A typical organic EL display is produced by arranging an 
anode 12 on a substrate 11 (cf. FIG. 1) that typically is made 
of glass or a similar material. A hole transport layer 13 is 
deposited on the anode 12 and an emission layer 14 is depos 
ited on the hole transport layer 13. Further, a layer 15 capable 
of transporting electrons is deposited on the emission layer 
14. All these layers 13-15 preferably comprise organic mate 
rial. The organic material may be polymeric or loW molecular 
Weight molecules. A cathode 16 is then formed on the layer 15 
capable of transporting electrons. The cathode 16 is prefer 
ably made of a metal such as aluminum, magnesium or cal 
cium-coated aluminum. These metals easily acquire an oxide 
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layer on the surface that may be detrimental to the interface 
betWeen the metal and the organic layer. A passivating layer 
17 is therefore deposited on the surfaces of the resulting 
structure by the present process. It is to be noted that “sur 
faces” refers to all the possible surfaces. Thus, vertical sur 
faces are also preferably passivated. 

[0053] According to a second preferred embodiment of the 
present invention, a SAW ?lter is provided With a protective 
layer according to the preferred deposition processes. A typi 
cal SAW ?lter is presented in FIG. 2. It comprises a ?rst 
acoustic absorber 21 and a second acoustic absorber 22 
placed on a pieZoelectric substrate that is typically quartz, 
lithium niobate or lithium tantalate. The incoming signal is 
conducted to an input transducer 23 and the outgoing signal is 
collected from an output transducer 24. The input transducer 
23 converts electrical signals to small acoustic Waves that are 
reconverted to electrical signals by the output transducer 24. 
Usually the structure is hermetically encapsulated. The 
present invention replaces the hermetical encapsulation With 
a thin protective layer that is deposited on the surface of the 
SAW structure by the described process. Thus, a cheaper 
encapsulation process can be applied to the protected struc 
ture to obtain a ?nished SAW product. 

[0054] In each of the above embodiments, the metal oxide 
passivation layer is preferably betWeen about 5 nm and 1,000 
nm in thickness, more preferably betWeen about 25 nm and 75 
nm. 

[0055] In some embodiments the protective metal oxide 
layer comprises a single metal oxide, such as Ta2O5 or TiO2, 
or a ternary metal oxide, such as Al2TiO5. In other embodi 
ments the metal oxide layer comprises a metal oxide doped 
With a different metal or metal oxide. For example, an alumi 
num oxide layer or a titanium oxide layer may be doped With 
a different metal such as Ta. In other embodiments the metal 
oxide layer is a nanolaminate structure comprising altemat 
ing layers of different metal oxides, such as aluminum oxide 
and titanium oxide or aluminum oxide and tantalum oxide. 

[0056] In other embodiments the passivating layer is a solid 
solution comprising tWo or more metal oxides. For example, 
the metal oxide layer may comprise Ta2XNb2_2XO5 or TimZrl_ 
{1102. 
[0057] Examples of ALD reactors in Which the loW-tem 
perature process can be performed include single Wafer reac 
tors, reactors With multiple Wafers or other substrates in a 
planar or vertical substrate holder and batch process reactors. 
For example, organic solar cells are preferably coated With a 
protective layer by the process in a batch process reactor to 
keep the manufacturing costs per substrate loW. 

[0058] The invention is further illustrated With the aid of the 
folloWing non-limiting Working examples. 

EXAMPLE 1 

Depositing Al2O3 Thin Films Using Either Water or 
OZone as an Oxygen Source 

Case A: Deposition of A1203 Films With Water as an Oxygen 
Source 

[0059] Al2O3 thin ?lms Were deposited in a ?oW-typeALD 
reactor, model F-120, manufactured by ASM Microchemis 
try Oy, Finland. Trimethyl aluminum (CH3)3Al, also knoWn 
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as TMA, Was used as an aluminum source chemical. Puri?ed 
Water Was used as an oxygen source chemical. The source 

chemicals Were introduced from external sources to the reac 
tor. 

[0060] A substrate Was provided to the reaction space and 
the reactor Was evacuated to vacuum With a mechanical 

vacuum pump. Next, the pressure of the reaction space Was 
adjusted to a range of approximately 5-10 mbar With ?oWing 
nitrogen gas. Then the reaction space Was heated to the depo 
sition temperature. 

[0061] The thin ?lms Were deposited at either 1000 C. or 
300° C. The source chemicals Were pulsed into the reaction 
space according to the principles ofALD, eg the pulses Were 
separated from each other With inert gas to prevent mixing of 
the source chemicals in the gas phase of the reaction space. 
Only surface reactions Were alloWed to occur. 

[0062] The pulsing cycle Was as folloWs: 

TMA pulse 0.5 s 
N2 purge 1.0 s 
H2O pulse 0.4 s 
N2 purge 1.5 s 

[0063] The groWth rate ofAl2O3 from TMA and H20 Was 
0.8 A/cycle at 300° C. and 0.5 A/cycle at 100° C. The refrac 
tive index Was 1.64 for the ?lm groWn at 300° C. and 1.59 for 
the ?lm groWn at 100° C. The ?lms groWn at 100° C. started 
to leak immediately in the electrical measurements and it Was 
impossible to measure exact values for capacitance or break 
doWn voltage. It appeared that the ?lms Were not very dense. 
A summary of the properties is presented beloW in Table 1. 

Case B: Deposition of A1203 Film With OZone as an Oxygen 
Source. 

[0064] Al2O3 thin ?lms Were deposited in a ?oW-typeALD 
reactor, model F-120, manufactured by ASM Microchemis 
try Oy, Finland. Trimethyl aluminum (CH3)3Al, also knoWn 
as TMA, Was used as an aluminum source chemical. OZone 

prepared on the premises Was used as an oxygen source 
chemical. The source chemicals Were introduced from exter 
nal sources to the reactor. 

[0065] A substrate Was provided to the reaction space and 
the reactor Was evacuated to vacuum With a mechanical 

vacuum pump. Next, the pressure of the reaction space Was 
adjusted to a range of approximately 5-10 mbar With ?oWing 
nitrogen gas. Then the reaction space Was heated to the depo 
sition temperature. 

[0066] The thin ?lms Were deposited at either 100° C. or 
300° C. The source chemicals Were pulsed into the reaction 
space according to the principles of ALD as in case A. 

[0067] The pulsing cycle Was as folloWs: 

TMA pulse 0.5 s 
N2 purge 1.0 s 
03 pulse 4.0 s 
N2 purge 1.5 s 
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[0068] A summary of the properties of the resulting thin 
?lms is presented below in Table 1. 

TABLE 1 

Case B Case B Case A Case A 

Deposition temperature 100° C. 300° C. 100° C. 300° C. 
Growth rate (Ncycle) 0.8 0.8 0.5 0.8 
Refractive index 1.58 1.66 1.59 1.64 
Dielectric constant 6.0 8.3 * 

Breakdown voltage (MV/cm) 4.5 6.0 * 

* The measurement could not be carried out due to electrically very leaky 
thin ?lm. 

[0069] A TOF-ERDA analysis of the ?lm grown from 
TMA and oZone at 100° C. revealed that the ?lm contained 
6.0% of carbon and 15.8% of hydrogen. 

[0070] A comparison between Case A and Case B shows 
that replacing water with oZone was bene?cial for the depo 
sition process at low temperature. 

EXAMPLE 2 

Depositing Al2O3 Thin Films on an Organic Layer 
Using OZone as an Oxypen Source 

[0071] A substrate with an organic thin ?lm was provided 
into the reaction space of an F-450ALD reactor manufactured 
by ASM Microchemistry Oy, Finland. The pressure of the 
reaction space was adjusted to about 5-10 mbar with a 
mechanical vacuum pump and ?owing nitrogen gas that had 
a claimed purity of 99.9999%. Then the temperature of the 
reaction space was adjusted to about 1100 C. TMA evapo 
rated from an external source and oZone prepared on the 
premises were alternately introduced into the reaction space 
and contacted with the surface. The pulsing times were 1 s for 
TMA and 4 s for O3. The source chemical pulses were sepa 
rated from each other with nitrogen gas. The purging time 
lasted for 1.0-1.5 s after each source chemical pulse. The 
pulsing cycle consisting of these two source chemical pulses 
and two purging periods was repeated until a 50-nm alumi 
num oxide thin ?lm was produced on the substrate. Typically, 
around 600 pulsing cycles were needed for the deposition. 
The deposition process did not adversely affect the organic 
layer. Further, the passivated structure could be stored at 
ordinary room air without destroying the functionality of the 
organic layer. 

EXAMPLE 3 

Depositing HfO2 Thin Films on an Organic Layer 
Using OZone as an Oxygen Source 

[0072] A substrate with an organic thin ?lm was provided 
into the reaction space of a Pulsar® 2000 ALCVDTM reactor 
manufactured by ASM America, Inc., USA. The pressure of 
the reaction space was adjusted to about 5-10 mbar with a 
mechanical vacuum pump and ?owing nitrogen gas that had 
a claimed purity of 99.9999%. Then the temperature of the 
reaction space was adjusted to about 100° C. Tetrakis(dim 
ethylamino)hafnium TDMAH evaporated from an external 
source and oZone prepared on the premises were alternately 
introduced into the reaction space and contacted with the 
surface. TDMAH with a purity of 99.99% can be purchased 
eg from Sigma-Aldrich, USA. The pulsing times were 1 s for 
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TDMAH and 2 s for O3. The source chemical pulses were 
separated from each other with nitrogen gas. The reaction 
space was purged for about 1.0-2.0 s after each source chemi 
cal pulse. 

[0073] A pulsing cycle consisting of these two source 
chemical pulses and two purging periods was repeated until a 
30-nm hafnium dioxide (HfO2) thin ?lm was produced on the 
substrate. The growth rate of the dense HfO2 thin ?lm was 1 .1 
A/cycle and the thickness non-uniformity (1 sigma) over the 
substrate area was 2%. When Tetrakis(dimethylamino 
)hafnium (TDMAH) was replaced with Tetrakis(ethylmethy 
lamino)hafnium (TEMAH) in the process, it was possible to 
lower the deposition temperature down to about 50° C., which 
brings in considerable costs savings with respect to both the 
structure of the deposition reactor and the running costs of the 
process. 

EXAMPLE 4 

Depositing Layered Al2O3 /Ta2O5 Thin Films on an 
Organic Layer Using OZone as an Oxygen Source 

[0074] A substrate with an organic thin ?lm was provided 
into the reaction space of an F-450 ALD reactor manufactured 
by ASM Microchemistry Oy, Finland. The F-450 reactor is 
suitable for single substrate and small batch processing. The 
pressure of the reaction space was adjusted to about 5-10 
mbar with a mechanical vacuum pump and ?owing nitrogen 
gas that had a claimed purity of 99.9999%. Then the tempera 
ture of the reaction space was adjusted to about 90° C. TMA 
evaporated from an external source and oZone prepared on the 
premises were alternately introduced into the reaction space 
and contacted with the surface. The pulsing times were 1 s for 
TMA and 4 s for O3. The source chemical pulses were sepa 
rated from each other by a purge step in which nitrogen gas 
was provided to the reaction space. The purging time lasted 
for 1.0-1.5 s after each source chemical pulse. A pulsing cycle 
consisting of the two source chemical pulses and two purging 
periods was repeated 480 times until a 40-nm aluminum 
oxide thin ?lm was produced on the substrate. 

[0075] Next, pentakis(dimethylamino)tantalum (PDMAT) 
evaporated from an external source and oZone prepared on the 
premises were alternately introduced into the reaction space 
and contacted with the surface. The pulsing times were 2.5 s 
for PDMAT and 3 s for O3. The source chemical pulses were 
separated from each other by purging with ?owing nitrogen 
gas. The purging time lasted for 1.0-1.5 s after each source 
chemical pulse. A pulsing cycle consisting of the two source 
chemical pulses and two purging periods was repeated until 
about 10 nm of Ta2O5 was deposited on the A1203 surface. 

[0076] The deposition process did not adversely affect the 
organic layer. The passivated structure consisting of layered 
Al2O3/Ta2O5 could be stored at ordinary room air without 
destroying the functionality of the organic layer. Further, the 
Ta2O5 layer that was deposited on the A1203 surface improved 
the durability of the passivation layer against corrosive solu 
tions such as NaOH solutions. 

[0077] Although the foregoing invention has been 
described in terms of certain preferred embodiments, other 
embodiments will become apparent to those of ordinary skill 
in the art in view of the disclosure herein. Additionally, while 
one embodiment is disclosed in the context of an EL display, 
and another embodiment is disclosed in the context of a SAW 
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?lter, the skilled artisan Will readily ?nd application for the 
principles disclosed herein in a number of different contexts. 

[0078] Accordingly, the present invention is not intended to 
be limited by the recitation of preferred embodiments, but is 
intended to be de?ned solely by reference to the claims. 

1. An atomic layer deposition (ALD) process for deposit 
ing a thin ?lm of metal oxide on a substrate in a reaction 
chamber comprising a plurality of cycles, each cycle com 
prising: 

supplying a gaseous ?rst reactant comprising a metal com 
pound, Wherein no more than about one molecular 
monolayer of the metal compound chemisorbs on the 
substrate; and 

supplying a gaseous second reactant comprising a source 
of oxygen other than Water, Wherein the second reactant 
converts the adsorbed portion of the ?rst reactant on the 
substrate to metal oxide, 

Wherein the substrate is maintained at a temperature of less 
than 190° C. 

2. The process of claim 1, Wherein the metal compound 
comprises a metal selected from the group consisting of met 
als of Groups 11A, 111B, IVB, VB andVlB of the periodic table 
of elements. 

3. The process of claim 2, Wherein the metal is selected 
from the group consisting of Mg, Sc, Y, La, Ce, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Tm,Yb, Lu, Ti, Zr, Hf, V, Nb, Ta, Cr, 
Mo and W 

4. The process of claim 1, Wherein the source of oxygen is 
selected from the group consisting of oZone, mixtures of 
oZone and oxygen, organic oZonides, oxygen atoms With 
unpaired electrons, organic peroxides and organic peracids. 

5. The process of claim 4, Wherein the source of oxygen is 
diluted With inactive gas. 

6. The process of claim 1 claim, Wherein the source of 
oxygen comprises one or more organic peroxides With the 
formula R14OiOiR2 (IV), wherein R1 is a linear, 
branched or cyclic organic ligand, and Wherein R2 is a hydro 
gen or a linear, branched or cyclic organic ligand. 

7. The process of claim 1, Wherein the substrate is main 
tained at a temperature of less than 150° C. during the ALD 
process. 

8. The process of claim 1, Wherein the substrate is main 
tained at a temperature of less than 125° C. during the ALD 
process. 

9. The process of claim 1, Wherein the substrate is main 
tained at a temperature of less than 100° C. during the ALD 
process. 

10. The process of claim 1, Wherein the cycles are repeated 
until a metal oxide ?lm is formed With a thickness of about 5 
to about 1000 nm. 

11. The process of claim 1, Wherein the substrate comprises 
an organic light emitting layer. 

12. The process of claim 1, Wherein the substrate comprises 
a surface acoustic Wave ?lter. 

13. The process of claim 1, Wherein the substrate comprises 
an organic solar cell layer. 

14. The process of claim 1, Wherein the thin ?lm is depos 
ited over an organic thin ?lm. 

15. The process of claim 1, Wherein the thin ?lm is depos 
ited on an aluminum oxide surface. 
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16. An atomic layer deposition (ALD) process for depos 
iting a thin ?lm of metal oxide on a substrate that is sensitive 
to moisture comprising a plurality of cycles, each cycle com 
prising: 

forrning no more than about one molecular monolayer of a 
metal compound on the substrate in a self-limiting reac 
tion; and 

reacting the metal compound on the substrate With a source 
of oxygen other than Water such that the metal reactant is 
converted to metal oxide, 

Wherein the substrate is maintained at a temperature of less 
than 190° C. during the ALD process. 

17. The process of claim 16, Wherein the metal compound 
comprises a metal selected from the group consisting of Mg, 
Sc,Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,Yb, Lu, 
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and W 

18. The process of claim 16, Wherein the metal oxide is a 
ternary metal oxide. 

19. The process of claim 16, Wherein the metal oxide is 
doped With a different metal from the metal in the metal 
compound. 

20. The process of claim 16, Wherein the thin ?lm protects 
the substrate from moisture. 

21. The process of claim 16, Wherein the thin ?lm is depos 
ited on a metal compound layer that Was previously deposited 
by a process selected from the group consisting of chemical 
vapor deposition (CVD), physical vapor deposition (PVD) 
and atomic layer deposition (ALD). 

22. The process of claim 16, Wherein the thin ?lm is depos 
ited on a dielectric layer. 

23. The process of claim 16, Wherein the dielectric layer 
comprises aluminum oxide. 

24. A process of depositing a thin ?lm of metal oxide on a 
substrate that is sensitive to the surrounding atmosphere by an 
atomic layer deposition (ALD) process comprising a plurality 
of cycles, each cycle comprising: 

contacting the substrate With a vapor phase ?rst reactant 
comprising a metal compound, Wherein no more than 
about one molecular monolayer of the metal compound 
is adsorbed on the substrate; 

removing excess ?rst reactant and gaseous reaction 
byproducts from the reaction space; 

supplying gaseous oZone to the reaction space, Wherein the 
oZone converts the adsorbed portion of the ?rst reactant 
on the substrate to metal oxide; and 

removing excess oZone and gaseous reaction byproducts 
from the reaction space, 

Wherein the substrate is maintained at a temperature of less 
than 190° C. during the ALD process. 

25. The process of claim 24, Wherein the thin ?lm protects 
the substrate from the surrounding atmosphere. 

26. The process of claim 24, Wherein the thin ?lm is depos 
ited over a dielectric layer. 

27. The process of claim 24, Wherein the thin ?lm is depos 
ited over an aluminum oxide layer. 

28. The process of claim 24, Wherein the thin ?lm is depos 
ited over an organic layer. 

* * * * * 


