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(57) ABSTRACT

High-capacity capacitors and gate 1nsulators exhibiting
moderately high dielectric constants with surprisingly low
leakage using amorphous or low temperature films of per-
ovskite type oxides including a titanate system material such
as barium titanate, strontium titanate, barmum strontium
titanate (BST), lead titanate, lead zirconate titanate, lead
lanthanum zirconate titanate, barrum lanthanum titanate, a
niobate, aluminate or tantalate system material such as lead
magnesium niobate, lithium niobate lithium tantalate, potas-
sium niobate and potassium tantalum niobate, a tungsten-
bronze system material such as bartum strontium niobate,
lead barium niobate, bartum titanium niobate, and Bi-lay-

ered perovskite system material such as strontium bismuth
tantalate, bismuth titanate deposited directly on a silicon
surface at temperatures about 450° C. or less.
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AMORPHOUS DIELECTRIC CAPACITORS ON
SILICON

FIELD OF THE INVENTION

[0001] The present invention relates to high-capacitance
capacitors, and more particular to an amorphous (or low
temperature) phase of a high dielectric constant thin film
material which can be employed as a dielectric 1in capacitors
formed directly on silicon. Such structures will be useful as
capacitors in dynamic random access memory (DRAM)
applications, gate dielectrics 1n transistors and as decoupling
capacitors. The present invention also relates to a gate
dielectric material, and more particular to an amorphous (or
low temperature) phase high dielectric constant thin film
material which can be employed as a gate dielectric in a
fransistor.

BACKGROUND OF THE INVENTION

[0002] Dielectric materials in high density circuits appear
as capacitors in dynamic random access memory (DRAM)
applications, gate dielectrics 1n transistors and as decoupling
capacitors. The dielectric materials 1n these structures are
typically silicon dioxide (S10,), silicon nitride (Si;N,),
aluminum oxide (AL, O3) or any combination thereof. These
dielectric materials typically have a dielectric constant of 9.0
or below. As today’s generation of circuits become smaller
and smaller, the dielectric materials employed therein must
be made thinner to satisfy circuit requirements. The use of
thin, low dielectric constant materials in today’s circuits 1s
undesirable since such materials lead to leaky circuits. Thus,
it would be beneficial if the dielectric constant of the
dielectric material used 1n such circuits could be increased.

[0003] A variety of high dielectric constant materials such
as the crystalline form of perovskite-type oxides including a
fitanate system material such as barium titanate, strontium
titanate, barium strontium titanate (BST), lead titanate, lead
zirconate titanate, lead lanthanum zirconate titanate, barium
lanthanum titanate, bartum zirconium titanate; an aluminate
such as lanthanum aluminate and yttrium aluminate; a
niobate or tantalate system material such as lead magnesium
niobate, lithium niobate, lithrum tantalate, potassium nio-
bate, strontium aluminum tantalate and potassium tantalum
niobate; a tungsten-bronze system material such as barium
strontium niobate, lead barium niobate, bartum titanium
niobate; and Bi-layered perovskite system material such as
strontium bismuth tantalate, bismuth titanate are known 1n
the art. Despite having dielectric constants of about 200 or
more, crystalline perovskite-type oxides are deposited at
temperatures of about 500° C. or more. At such high
temperatures, 1f deposited directly on silicon, interfacial
layers form which may degrade device performance. In
addition, grain boundary leakage paths and lowered barrier
heights may result which could lead to high device leakage.

0004] In view of the drawbacks with prior art dielectric
materials, 1t would be beneficial if a new dielectric material
was developed which could be directly deposited on silicon.
This new dielectric material must exhibit low leakage as
compared to dielectric materials presently employed in this
field and must have a dielectric constant that 1s about 10 or
above.

SUMMARY OF THE INVENTION

[0005] One object of the present invention is to provide a
thin film dielectric material which can be employed 1in
forming capacitors on silicon or as a gate dielectric material.
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[0006] Another object of the present invention is to pro-
vide a thin film dielectric material which has a dielectric
constant higher than conventional dielectric materials such
as SiC, (e=4), Si,N, (e=7) , and Al,O, (e=8) and which is
compatible with CMOS (complimentary metal oxide semi-
conductor) processing.

[0007] A further object of the present invention is to
provide a thin film dielectric material which exhibits good
conformity to the electrode material to which it 1s applied as
well as a low leakage current that is on the order of 1 A/cm”
or less, preferably 1x10™* A/em” or less.

[0008] These and other objects and advantages are
achieved 1n the present invention by utilizing an amorphous
(or low temperature) phase material as a thin film dielectric
material. Specifically, one embodiment of the present inven-
tion relates to high-capacitance capacitors (on the order of 1
nF/mm~ or above) formed using thin films of materials
which are in the amorphous (or low temperature) phase.
Such dielectric materials can be formed directly on top of
silicon minimizing the formation of any interfacial layers or
orain boundaries which can lead to device degradation.

[0009] Another embodiment of the present invention
relates to a gate electrode insulator which comprises a thin
film of an amorphous (or low temperature) phase material as
the gate dielectric material in a transistor.

[0010] In the latter stages of CMOS processing and in
applications such as BEOL structures and organic FETs,
ambient temperatures must be kept low, less than 500° C.,
thus the novel capacitors and transistors of the present
invention use a low temperature deposition and annealing
process to stay at or below this temperature. These low
temperature processes ensure formation of a dielectric mate-
rial which is in the amorphous (or low temperature) phase.
For example, 1t has been determined that the low tempera-
ture (or amorphous) phase of barium strontium titanate has
a dielectric constant of up to about 25 which value 1s
significantly higher than that of the typical dielectrics used
in circuit applications. Other perovskite-type oxides such as
lead lanthanum ftitanate can have even greater dielectric
constants in their amorphous phase. Capacitors and transis-
tors formed utilizing these particular types of low tempera-
ture dielectrics also exhibit low leakage and good conform-
ability.

[0011] More specifically, the present invention provides an
amorphous thin film dielectric material having a dielectric
constant greater than 10 that may be used in fabricating
high-capacity capacitors or gate insulators. The term “amor-
phous” 1s used herein to denote a material which lacks an
ordered crystal structure. This 1s different from the crystal-
line phase of the material wherein a highly ordered crystal
structure 1s observed.

[0012] In general the structures of the present invention
comprise at least an amorphous or low temperature phase
dielectric material which 1s selected from the group consist-
ing of a perovskite-type oxide such as a titanate system
material, 1.e. barium titanate, strontium titanate, barium
strontium titanate, lead titanate, lead zirconate titanate, lead
lanthanum zirconate titanate, barium zirconium titanate and
barrum lanthanum titanate; an aluminate such as lanthanum
aluminate and yttrium aluminate; a niobate or tantalate
system material such as lead magnesium niobate, lithium
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niobate, lithium tantalate, potassium niobate, strontium alu-
minum tantalate and potassium tantalum niobate; a tungsten-
bronze system material such as barium strontium niobate,
lead barrum niobate, and barium titanium niobate; or a
Bi-layered perovskite system material such as strontium
bismuth tantalate, and bismuth titanate as the dielectric
material. The amorphous phase dielectric material of the
present mvention 1s formed using low temperature deposi-
fion and annealing steps wherein the temperature of both
steps 1s about 450° C. or less.

[0013] The capacitor of the present invention is prepared
using the following steps:

[0014] (a) preparing a bottom semiconducting elec-
trode, said semiconducting electrode being com-
posed of a semiconducting material such as silicon,
a silicon containing material, a semiconducting
organic or 1norganic material;

[0015] (b) forming an amorphous (or low tempera-
ture) phase high dielectric constant material (e=10 or

above) on top of the bottom semiconducting elec-
trode;

[0016] (c) annealing the amorphous dielectric mate-
rial at a temperature which 1s effective 1n 1improving,
the quality as well as the dielectric constant of the
amorphous dielectric material; and

[0017] (d) fabricating a top conductive electrode on
said annealed dielectric material.

|0018] In an optional embodiment of the present inven-
tion, the above described method further comprises: (e)
applying a passivation coating to said top conductive elec-
trode.

[0019] In another aspect of the present invention, a tran-
sistor comprising the amorphous high dielectric constant
material of the present invention 1s prepared using the
following processing steps:

[0020] (a) forming an amorphous high dielectric con-
stant material on a structure consisting of a semi-
conducting electrode such as Si;

[0021] (b) annealing the amorphous high dielectric
constant material at a temperature which 1s effective
in 1mproving the quality as well as the dielectric
constant of the amorphous dielectric material; and

[0022] (c) forming a gate conductor on said annealed
dielectric material.

10023] In an optional embodiment of this method, a pas-
sivating coating 1s formed on said gate conductor.

BRIEF DESCRIPTION OF THE DRAWINGS

10024] FIG. 1 is a cross-sectional view of a capacitor of
the present invention, wherein an amorphous (or low tem-
perature) phase high dielectric constant material 1s employed
as a capacitive element.

10025] FIG. 2 is a cross-sectional view of the gate region
of a transistor of the present invention, wherein an amor-
phous phase high dielectric constant material 1s used as the
gate 1nsulator.
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DETAILED DESCRIPTION OF THE
INVENTION

[0026] The present invention which provides an amor-
phous thin film dielectric material having a dielectric con-
stant greater than 10 for use 1n fabricating high-capacity
capacitors or gate isulators will now be described 1n greater
detail by referring to the drawings that accompany the
present application. It 1s noted that in the drawings like
reference numerals are used for describing like and/or
corresponding elements.

[10027] FIG. 1 is a cross-sectional view of a capacitor of
the present invention, wherein an amorphous (or low tem-
perature) phase high dielectric constant material 30 is sand-
wiched between a top conductive electrode 40, ¢.g. a noble
metal, a noble metal oxide, a conductive oxide or a combi-
nation thereof, and a bottom Si-containing electrode 20, e¢.g.
heavily doped polysilicon, on a silicon wafer 10. Other
semiconductors are also possible.

[10028] FIG. 2, on the other hand, is a cross-sectional view
of the gate arca of a transistor of the present invention.
Specifically the gate structure shown 1 FI1G. 2 comprises a
bottom semiconducting electrode 50, and amorphous phase
high dielectric constant material 30 formed on said semi-
conducting electrode and a gate electrode formed on said
amorphous phase high dielectric constant material. The
semiconducting electrode can be a material such as silicon,
a silicon contaming material, a semiconducting organic or
inorganic material and i1t can be made conductive either by
doping or by the application of an electric field. The gate
electrode 1s one of the conductive materials described above
for top conductive electrode 40 or doped polysilicon.
Although not shown in either figure, a passivating coating
comprising a conventional morganic or organic dielectric
material may be formed over the top layer, 1.e. top conduc-
five electrode 40 or gate conductor 60.

[10029] The structures shown in FIGS. 1 and 2 are com-

posed of conventional materials that are well known to those
skilled 1n the art; the exception being the amorphous phase
high dielectric constant material. These structures are also
formed using conventional methods that are well known 1n
the art; again the exception being the fabrication of the
amorphous phase high dielectric constant material. Detailed
descriptions concerning the conventional materials and pro-
cessing steps are thus not needed herein. Instead, the remain-
ing description of this application focuses on the amorphous
phase high dielectric constant material and how the same 1s
fabricated.

[0030] The amorphous phase high dielectric constant thin
film material of the present invention 1s composed of a
perovskite-type metal oxide film which 1s a material that
includes one acidic oxide containing at least one metal
selected from Group IVB (Ti, Zr or Hf), Vb (V, Nb or Ta),
VIB (Cr, Mo or W), VIIB (Mn or Re), IIIA (Al, Ga or In)
or IB (Cu, Ag or Au) of the Periodic Table of Elements (CAS
version) and at least one additional cation having a positive
formal charge of from about 1 to about 3. Such perovskite-
type oxides typically, but not always, have the basic formula:
ABO,, wherein A 1s one of the above mentioned cations and
B 1s one of the above mentioned metals.

[0031] Suitable perovskite-type oxides that can be
employed in the present invention include, but are not
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limited to: a titanate system material such as barium titanate,
strontium titanate, bartum strontium titanate, lead titanate,
lead zirconate titanate, lead lanthanum zirconate titanate,
barium lanthanum titanate and barium zirconium titanate; an
aluminate such as lanthanum aluminate and yttrium alumai-
nate; a niobate or tantalate system material such as lead
magnesium niobate, lithium niobate, lithium tantalate,
potassium niobate, strontium aluminum tantalate and potas-
sium tantalum niobate; a tungsten-bronze system material
such as barium strontium niobate, lead barium niobate,
bartum titanium niobate; and a Bi-layered perovskite system
material such as strontium bismuth tantalate, and bismuth
fitanate.

[0032] The perovskite-type oxides employed in the
present 1mnvention must be 1n the amorphous or low tem-
perature phase and are formed by a suitable deposition
process which 1s capable of operating at temperatures below
the crystallization temperature of the perovskite-type oxide.
Typically the deposition temperature is kept about 450° C.
or less.

[0033] Suitable deposition processes that can be employed
in the present mnvention 1n forming the amorphous or low
temperature phase thin film dielectric material include, but
are not limited to: chemical vapor deposition (CVD) pro-
cesses such as plasma assisted CVD, low pressure CVD,
higch density plasma CVD, as well as chemical solution
deposition (CSD) processes including metal organic decom-
position, sol-gel, and physical vapor deposition (PVD) pro-
cesses 1ncluding evaporation, sputtering, and pulsed laser
deposition.

10034] A detailed description of materials used in forming
the amorphous phase high dielectric constant material of the
present 1nvention 1s found in copending and coassigned U.S.
patent application Ser. No. 09/225,526, filed Jan. 4, 1999,
the contents of which are being incorporated herein by
reference. It 1s noted that the amorphous dielectric material
of the present invention may comprise a single oxide mate-
rial or 1t may comprise a multi-oxide composition.

[0035] A post deposition annealing step may be employed
in forming the amorphous or low temperature phase thin
f1lm dielectric material of the present invention. The anneal-
ing step used 1n forming the amorphous or low temperature
phase thin film dielectric material 1s conducted at a tem-
perature which 1s effective in improving the quality of the

deposited film as well as enhancing the dielectric constant of
the same. Specifically, annealing 1s carried out a temperature
of from about 150° C. to about 450° C. for about 0.1 to 3
hours. More preferably, annealing 1s carried out at a tem-
perature of from about 300° C. to about 400° C. for a time
period of from about 0.2 to 2 hours. Oxidizing gases such as
oxygen, N,O, and O,, or mixtures of oxidizing gases alone
or with an 1nert gas such as air are typically employed 1n the
annealing step.

[0036] The exact conditions employed in forming the
amorphous or low temperature thin film dielectric material
may, however, vary depending on the specific technique
employed. The only critical limitation 1s that the deposition
and annealing temperatures be below the crystalline tem-
perature of the perovskite-type oxide.
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[0037] The term “thin film” is used herein to denote that
the deposition process provides a highly conformal layer of
the amorphous or low temperature phase of the perovskite-
type oxide which ranges from about 15 to about 2000 nm.
More preferably, the thickness of the amorphous or low
temperature thin film dielectric material of the present
invention 1s 1n the range of from about 1 to about 200 nm.

[0038] As stated above, the dielectric constant, €, of the
amorphous or low temperature thin film dielectric material
of the present invention 1s about 10 or greater. More prel-
erably, the amorphous or low temperature thin film dielectric
material of the present invention has a dielectric constant of
from about 10 to about 50. Although the dielectric constants
of the amorphous or low temperature thin film dielectric
material of the present invention are lower than the corre-
sponding crystalline phase of the material, the amorphous or
low temperature thin film dielectric material of the present
invention have dielectric constants which are significantly
higher than the typical nitrides and oxides of silicon that are
used 1n most integrated circuits.

[0039] The following example i1s given to illustrate the
scope of the present application. Because this example 1s
orven for illustrative purposes only, the invention embodied
therein should not be limited thereto.

EXAMPLE

10040] An example of the fabrication of amorphous or low
temperature thin film dielectric material of the present
invention by chemical solution deposition 1s given below.
Under nitrogen with stirring, 0.035 mole barium methoxy-
cthoxide, 0.015 mole strontium methoxyethoxide, and 0.050
mole titanium methoxyethoxide were dissolved together 1n
2-methoxyethanol. The solution was stirred overnight at
room temperature, filtered and diluted to the mark 1 a 250
ml volumetric flask. A spin solution was prepared by diluting
1 part Ba, -Sr, ;T1 methoxyethoxide stock solution with one
part 1sopropanol.

[0041] The spin solution was loaded into a syringe and a
0.45 um and 0.1 um Whatman syringe filters were attached.
The solution was syringed onto a heavily-doped p-type
boron doped silicon substrate until the substrate was com-
pletely wetted. The substrate was then spun for 30 sec at
2500 rpm. The coated substrate was baked in an oxygen
atmosphere in a furnace at 400° C. for 5-10 min. The process
was repeated to fabricate a two layer and three layer film.

[0042] A Pt top electrode was then deposited by evapo-
ration on top of the amorphous barium strontium titanate.
The resultant 45 nm thick two layer film had a dielectric
constant of 13 with a leakage current of 107> A/cm? at 1 Volt.
The resultant three layer 77 nm thick film had a dielectric
constant of 19 with a leakage current of 107" A/cm” at 1 Volt.
A two layer film was fabricated following the above proce-
dure except the coated substrate was baked in an oxygen
atmosphere in an oven at 400° C. for 30 min. The resultant
580 nm thick film had a dielectric constant of 21 with a
leakage current of 107° A/cm” at 1 Volt.

10043] While the invention has been particularly shown
and described with respect to preferred embodiments
thereof, 1t will be understood by those skilled in the art that
the foregoing and other changes in form and detail may be
made without departing from the spirit and scope of the
invention.
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Having thus described our invention, what we claim as new
and desire to secure by the Letter Patent 1s:

1. A capacitor comprising an amorphous dielectric mate-
rial having a dielectric constant of 10 or greater deposited
directly on a silicon-containing electrode.

2. The capacitor of claim 1 wheremn the amorphous
diclectric material is fabricated at temperatures about 450°
C. or less.

3. The capacitor of claaim 1 wherein the amorphous
dielectric material 1s a thin film having a thickness of from
about 1 to about 2000 nm.

4. The capacitor of claim 1 wherein said amorphous
dielectric material 1s a perovskite-type oxide having the
formula ABO, wherein B 1s at least one acidic oxade
containing a metal from Group IVB, VB, VIB, VIIB, IIIA
and IB of the Periodic Table of Elements and A1s at least one
additional cation having a positive formal charge of from
about 1 to about 3.

5. The capacitor of claim 4 wherein said amorphous
dielectric material 1s a titanate, niobate, aluminate or tanta-
late system material, a tungsten-bronze system material or a
Bi-layered system material.

6. The capacitor of claim 5 wherein said amorphous
dielectric material 1s bartum strontium titanate, barium titan-
ate, strontium ftitanate, lead zirconium titanate, bartum zir-
conium titanate, tantalum titanate, lead lanthanum titanate,
barium strontium niobate, bartum lanthanum titanate, lan-
thanum alumainate, yttrium aluminate, strontium aluminum
tantalate or barrum titanium niobate.

7. The capacitor of claim 6 wherein said amorphous
dielectric 1s barium strontium titanate.

8. The capacitor of claim 1 wherein a top conductive
clectrode 1s formed on said amorphous dielectric material.

9. The capacitor of claim 8 wherein said top conductive
clectrode 1s composed of a conductive material selected
from the group consisting of a noble metal, a noble metal
oxide, a conductive oxide and mixtures thereof.

10. The capacitor of claim 8 wherein a passivating layer
1s formed on said top conductive electrode.

11. A method for forming a capacitor comprising an
amorphous dielectric material having a dielectric constant of
10 or greater deposited directly on a silicon-containing
material comprising the steps of:

(a) preparing a bottom electrode, said bottom electrode
being composed of S1 or a Si-containing material;

(b) forming an amorphous dielectric material on top of the
bottom electrode;

(¢) annealing the amorphous dielectric material at a
temperature which 1s effective in improving the quality
as well as the dielectric constant of the amorphous
dielectric material; and

(d) fabricating a top conductive electrode on said

annealed amorphous dielectric material.

12. The method of claim 11 wherein steps (b) and (c) are
carried out at temperatures of about 450° C. or less.

13. The method of claim 11 wherein step (b) is carried out
by chemical vapor deposition, plasma assisted chemical
vapor deposition, low pressure chemical vapor deposition,
higch density plasma chemical vapor deposition, metal
organic decomposition, sol-gel, evaporation, sputtering, or
pulsed laser deposition.
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14. The method of claim 11 further comprising (e) form-
Ing a passivating layer on said top conductive electrode.

15. A gate msulator for use 1n a transistor comprising an
amorphous dielectric material having a dielectric constant of
10 or greater.

16. The gate insulator of claim 15 wherein the amorphous
dielectric material is fabricated at temperatures about 450°
C. or less.

17. The gate 1nsulator of claim 15 wherein the amorphous
dielectric material 1s a thin film having a thickness of from
about 1 to about 2000 nm.

18. The gate insulator of claim 15 wherein said amor-
phous dielectric material 1s a perovskite-type oxide having
the formula ABO, wheremn B 1s at least one acidic oxide

contamning a metal from Group IVB, VB, VIB, VIIB, IIIA
and IB of the Periodic Table of Elements and A 1s at least one
additional cation having a positive formal charge of from
about 1 to about 3.

19. The gate insulator of claim 18 wherein said amor-
phous dielectric material 1s a fitanate, niobate, aluminate or
tantalate system material, a tungsten-bronze system material
or a Bi-layered system material.

20. The gate 1nsulator of claim 19 wherein said amor-
phous dielectric material 1s barium strontium titanate,
barium titanate, strontium titanate, lead zirconium titanate,
barium zirconium titanate, tantalum titanate, lead lanthanum
titanate, barium strontium niobate, barrum lanthanum titan-
ate, lanthanum aluminate, yttrium aluminate, strontium alu-
minum tantalate or barium titanium niobate.

21. The gate 1nsulator of claim 20 wherein said amor-
phous dielectric material 1s bartum strontium titanate.

22. A method of fabricating a transistor comprising an
amorphous dielectric constant material as a gate 1nsulator
comprising the steps of:

(a) forming an amorphous dielectric material on a struc-
ture containing a semiconducting electrode, said amor-
phous dielectric material having a dielectric constant of
10 or above;

(b) annealing the amorphous dielectric material at a
temperature which 1s effective in improving the quality
as well as the dielectric constant of the amorphous
dielectric material; and

(c) forming a gate conductor on said annealed amorphous
dielectric material.

23. The method of claim 22 wherein steps (a) and (b) are
carried out at temperatures of about 450° C. or less.

24. The method of claim 22 wherein step (a) is carried out
by chemical vapor deposition, plasma assisted chemical
vapor deposition, low pressure chemical vapor deposition,
hiech density plasma chemical vapor deposition, metal
organic decomposition, sol-gel, evaporation, sputtering, or
pulsed laser deposition.

25. The method of claim 22 further comprising (d)
forming a passivating layer on said gate conductor.

26. The method of claim 22 wherein said semiconducting
clectrode 1s silicon, a silicon containing material, a semi-
conducting organic or inorganic material.
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