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COMPOSITE GATE DIELECTRIC LAYER

FIELD OF THE INVENTION

[0001] The present invention relates to semiconductor
devices.

BACKGROUND OF THE INVENTION

[0002] 1In afield effect transistor (“FET”), a capacitance is
associated with a gate dielectric layer, which insulates a gate
electrode from a channel disposed within a semiconductor
substrate. As semiconductor devices continue to be scaled
down to reduce power consumption, the demand for higher
input FET capacitances has increased. The input capacitance
of a FET may be increased by either reducing the thickness
of the gate dielectric layer or increasing its dielectric con-
stant.

[0003] Gate dielectric layers have historically been real-
ized by bulk silicon dioxide, Si0,. To date, industry has been
reducing the thickness of bulk silicon dioxide-based gate
dielectric layers to increase input FET capacitances. How-
ever, at thicknesses of less than about 15 A, bulk silicon
dioxide becomes exceedingly susceptible to leakage cur-
rents tunneling through the gate dielectric layer. Thus, the
leakage current problem is now becoming a practical con-
cern.

[0004] To overcome this leakage current problem, indus-
try has begun to explore various alternatives materials.
These alternative materials have a dielectric constant greater
than that of bulk silicon dioxide. As input FET capacitance
is directly proportional to the dielectric constant of the gate
dielectric layer and inversely proportional to the gate dielec-
tric layer’s thickness, it is believed that one of these alter-
native materials may enable the formation of a gate dielec-
tric layer of a sufficient thickness to ameliorate the leakage
current problem, while also increasing the input FET capaci-
tance. Typical materials being investigated include metal-
silicon-oxynitride and metal silicate, for example.

[0005] The use of such alternative materials as gate dielec-
tric layers gives rise to other problems, however. The
interface between the alternative materials under consider-
ation and the underlying silicon substrate is of a poorer
quality than the interface between bulk silicon dioxide and
the silicon substrate. This poorer interface quality, attribut-
able to several factors including an increased number of
defects (e.g., dangling bonds) at the silicon interface, as well
as the numbers of charges to become trapped by these
defects. The trapped charges degrade device performance,
reduce the reliability of the gate dielectric layer, and, there-
fore, reduce the FETS’ so-called “mean time between fail-
ure.”

[0006] In accordance with the invention of our co-pend-
ing, commonly assigned, U.S. patent application, entitled “A
SILICON OXIDE BASED GATE DIELECTRIC LAYER,”
Ser. No. , filed concurrently with the present appli-
cation, we have recognized that the search for gate dielectric
materials other than silicon dioxide is somewhat misplaced.
The invention in our co-pending application takes advantage
of the silicon dioxide/silicon interface study, as reported by
two of us in “The Electronic Structure at the Atomic Scale
Of Ultrathin Gate Oxides,” Nature, Vol. 399, June 1999,
which theorizes that a layer of silicon oxide (SiOx<,) of a
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sufficient thickness may exhibit a dielectric constant greater
than that of bulk silicon dioxide (i.e., about 3.9). In the
aforementioned co-pending patent application, a gate dielec-
tric layer may be advantageously formed from at least one
layer of the silicon oxide (SiOx <,) to increase the input FET
capacitance, while also providing a desirable interface with
a silicon substrate.

SUMMARY OF THE INVENTION

[0007] We have recognized that a gate dielectric layer
formed of at least one layer of silicon oxide (SiOx <,) having
a thickness of about 5 A or less may be insufficient to
withstand leakage current problems. Consequently, we have
invented a composite gate dielectric layer having a comple-
mentary dielectric layer formed upon a layer of silicon oxide
(SiOx<,). The complementary dielectric layer is of suffi-
cient thickness to substantially inhibit the flow of leakage
current.

[0008] The addition of the complementary dielectric layer
will likely reduce the input FET capacitance. As such, the
complementary dielectric layer has a dielectric constant
greater than that of the layer of silicon oxide. For example,
the complementary dielectric layer may be formed from at
least one of aluminate, silicate, ZrO,, HfO,, TiO,, Gd,0;,
Y,0;, SizN,, Ta,O5 and Al,O5. By judiciously choosing an
alternative material for the complementary dielectric layer,
and an appropriate thickness, a gate dielectric layer may be
provided which exhibits an advantageous combination of
properties (i.e., increased capacitance and reduced leakage
current, for example) not achieved by the prior art
approaches of fabricating a gate dielectric layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The present invention will be better understood
from reading the following description of non-limiting
embodiments, with reference to the attached drawings,
wherein below:

[0010] FIG. 1 is a graphical illustration of an embodiment
of the present invention;

[0011] FIG. 2 is a cross-sectional view of an embodiment
of the present invention;

[0012] FIG. 3 is a cross-sectional view of another embodi-
ment of the present invention; and

[0013] FIG. 4 is a flow chart of another embodiment of the
present invention.

[0014] 1t should be emphasized that the drawings of the
instant application are not to scale but are merely schematic
representations, and thus are not intended to portray the
specific dimensions of the invention, which may be deter-
mined by skilled artisans through examination of the dis-
closure herein.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0015] As stated hereinabove, the input capacitance of a
field effect transistor (“FET”) is associated with a gate
dielectric layer positioned between a gate electrode and a
channel disposed within a silicon semiconductor. The con-
tinued pursuit of increasing input FET capacitances has led
industry to two alternatives—namely, reducing the thickness
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of the gate dielectric layer, or increasing the dielectric
constant of the gate dielectric layer. These efforts are driven
by the inverse relationship between capacitance and the
thickness of the gate dielectric layer, as well as the direct
relationship between capacitance and dielectric constant.
These relationships may be expressed using the following
mathematical equations:

Ceg kAt

[0016] or
ClA=[e kYt
[0017] where Cis the capacitance, A is the area (length by

width) of the dielectric layer, C/A is the capacitance per unit
area, €, is a constant (ie., 8.854x107'* Farads/meter)
referred to as the permittivity in free space, k is the dielectric
constant of the dielectric layer, and t is the thickness of the
dielectric layer. From these mathematical expressions, it can
be seen that the capacitance per unit area, C/A, may be
increased by either decreasing the thickness, t, or increasing
the dielectric constant, k.

[0018] Various advantages have been recognized in
employing bulk silicon dioxide, SiO,, as a gate dielectric
layer at the interface of a silicon (Si) substrate. Conse-
quently, efforts have been expended to fabricate gate dielec-
tric layers from continuously thinner layers of bulk silicon
dioxide, SiO,. This drive to produce thinner bulk silicon
dioxide layers is a result of its fixed dielectric constant, k.

[0019] Referring to FIG. 1, the characteristics of a layer of
silicon oxide, SiOx,, according to an embodiment of the
present invention are graphically illustrated. For the pur-
poses of the present invention, silicon oxide, SiOx <., is an
oxide-based compound having a stoichiometry in which
each silicon atom is bonded with four or less oxygen atoms.
We have observed that at certain atomic thicknesses, silicon
oxide, SiOx=,, exhibits a dielectric constant greater than
that of bulk silicon dioxide. This general observation was
initially theorized in the aforementioned study reported by
two of us in “The Electronic Structure at the Atomic Scale
Of Ultrathin Gate Oxides,” Nature, Vol. 399, June 1999.
Given its material composition, the layer of silicon oxide,
SiOx ., creates a high quality interface with silicon. Con-
sequently, we have recognized that a layer of silicon oxide,
SiO =,, may be advantageously employed as a gate dielec-
tric layer to increase the input capacitance per unit area of a
semiconductor device, such as a field effect transistor
(“FET”).

[0020] FIG. 1 graphically depicts the dielectric constant
of a layer of silicon oxide, SiOx=,, as a function of the
layer’s thickness. At a thickness of about 5 A, the dielectric
constant of the layer of silicon oxide, SiO4,, begins to
increase beyond that of bulk silicon dioxide (i.e., about 3.9).
Our inventive efforts have uncovered that the dielectric
constant of the layer of silicon oxide, SiOx =, peaks below
3 A. We believe that the layer of silicon oxide reaches a
dielectric constant in the range of about 8 to 12, at a
thickness of about 3 A or less. Consequently, we have
recognized the advantageousness of forming a gate dielec-
tric layer employing this layer of silicon oxide, SiOx <,, at
the interface with the silicon substrate. The increased dielec-
tric constant is a consequence of the proximity of the oxide
layer to a material with a smaller bandgap—it is not nec-
essary for the silicon oxide, SiO <., to be substoichiometric
in the present invention.
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[0021] Referring to FIG. 2, a first embodiment of the
present invention is illustrated. Here, a cross-sectional view
of a semiconductor device 10, such as a metal oxide semi-
conductor FET (“MOSFET”), for example, is shown. Other
devices, however, will be apparent to skilled artisans upon
reviewing the instant disclosure.

[0022] Semiconductor device 10 comprises a silicon sub-
strate 20 having a conductive channel 30 electrically con-
nected to a source 40 and a drain 50. Above channel 30 is
a conductive layer, such as a gate electrode 70. By this
arrangement, a gate dielectric layer 60 may be formed
between channel 30 and gate electrode 70. As gate dielectric
layer 60 has insulative properties, an input capacitance is
formed between channel 30 and gate electrode 70.

[0023] To increase the input capacitance per unit area of
device 10, we have recognized that gate dielectric layer 60
may be formed from a layer of silicon oxide, SiOx <,. The
layer of silicon oxide, SiOx=,, as depicted in FIG. 1,
exhibits a dielectric constant, k, greater than that of bulk
silicon dioxide (i.e., about 3. 9) As reflected in FIG. 1, this
layer of silicon 0X1de SiOy =, has a thickness of about 5 A
or less to realize thls increased dielectric constant. The
dielectric constant of this layer of silicon oxide, SiOx <.,
may be optimized in view of the potential flow of leakage
current through gate dielectric layer 60.

[0024] In an advantageous embodiment, device 10 is
operative with the layer of silicon oxide, SiOx <,, having at
a thickness of about 4.5 A and a dielectric constant of about
8.

[0025] Referring to FIG. 3, a cross-sectional view of a
semiconductor device 100, such as a MOSFET, is illustrated
according to a second embodiment of the present invention.
As with semiconductor device 10 of FIG. 2, device 100
comprises a conductive channel 30 electrically connected to
a source 40 and a drain 50, each of which are formed within
a silicon substrate 20. Above channel 30 is a conductive
layer, such as a gate electrode 70.

[0026] Formed between channel 30 and a gate electrode
70, is a gate dielectric layer 65. Gate dielectric layer 65
comprises a first layer 60 of silicon oxide, SiOy —,. First
layer 60 has a dielectric constant, k, greater than that of bulk
silicon dioxide. As shown in FIG. 1, first layer 60 has a
thickness of about 5 A or less to reahze this increased
dielectric constant.

[0027] To further reduce the propensity of leakage current,
gate dielectric layer 65 of device 100 comprises a second
layer 80 of silicon oxide, SiOx <. Second layer 80 may also
include one or more additional layers of silicon oxide,
SiO4 =,. Second layer 80, much like first layer 60, exhibits
a dielectric constant, k, greater than about 3.9. To realize this
dielectric constant, second layer 80 has a thickness of about
5 A or less.

[0028] 1t should be noted that the inclusion of second layer
80, in conjunction with first layer 60, reduces the input
capacitance per unit area of device 100 because the posi-
tioning of second layer 80 upon first layer 60 of silicon
oxide, SiO.,, creates a series capacitance. As such, the
input capacitance, Cpy, of device 100 may be expressed
using the following mathematical equations:

1/Cn=1/C1+1/C,
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[0029] or
C=l € CLJIC1+C5]

[0030] where C, is the capacitance created by first layer
60, and C, is the capacitance created by the second layer 80.
Given the mathematical relationship between capacitance,
dielectric constant and thickness, the above expressions may
be restated as follows:

Crvleoky by Ay Aty ko Aty kA

[0031] where t; and t, are the thicknesses of first and
second layers, 60 and 80, k, and k, are the dielectric constant
of first and second layers, 60 and 80, and A, and A, are the
areas of first and second layers, 60 and 80. If first and second
layers, 60 and 80, have the same width and lengths, and thus
the same areas (i.e., A;=A,), then the above mathematical
expression may be further restated as follows:

CroA=leqky ko )ty kytts kg ]

[0032] where Cp/A is input capacitance per unit area.
From the hereinabove mathematical equations, input capaci-
tance per unit area will decrease with the addition of second
layer 80. As such, the thickness of second layer 80 may be
optimized to further minimize the potential flow of leakage
current through gate dielectric layer 65, while providing the
maximum possible capacitance per unit area for device 100.

[0033] By this design, it is believed that the inclusion of
second layer 80 in gate dielectric layer 65 reduces the
leakage current over device 10 in FIG. 2. Second layer 80
advantageously may have a thickness of about 3.5 A a
dielectric constant of in the range of about 9-10. The
inclusion of second layer 80 also enables the thickness of
first layer 60 to be potentially reduced to about 3.5 A such
that its dielectric constant is also in the range of about 9-10.

[0034] Referring to FIG. 4, a third embodiment of the
present invention is illustrated. Here, a cross-sectional view
is shown of a semiconductor device 110. As with devices 10
and 100 of FIGS. 2 and 3, device 110 comprises a conduc-
tive channel 30 electrically connected to a source 40 and a
drain 50, each of which are formed within a silicon substrate
20.

[0035] Formed between channel 30 and a gate electrode
70 is a composite dielectric layer 75. Composite dielectric
layer 75 comprises at least two dielectric layers, one of
which being a layer 60 of silicon oxide, SiOy =,. First layer
60 has a dielectric constant, k, greater than about 3.9, and as
such, a thickness of about 5 A or less. First layer 60 is
formed upon channel 30 to provide an interface with silicon
substrate 20 which is less rough in comparison with the
alternative materials presently being explored for use as gate
dielectric layers.

[0036] To further reduce the propensity of leakage current,
composite dielectric layer 75 of device 110 comprises a
complementary dielectric layer 90 formed from alternative
materials. Complementary dielectric layer 90 has a higher
dielectric constant than that of layer 60 of silicon oxide,
SiOx-,. By selecting an alternative material having such a
dielectric constant, complementary dielectric layer 90 may
be sufficiently thicker than second layer 80 of FIG. 3 to
further inhibit the flow of leakage current, all while main-
taining the capacitance per unit area of device 110. Conse-
quently, complementary dielectric layer 90 may have a
thickness as high as about 60 A, for example. Alternative
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materials considered for these purposes include, but are not
limited to aluminates, silicates, ZrO,, HfO,, TiO,, Gd,O;,
Y,0;, SizN,, Ta,O5 and Al,O5. Various substitutes will be
apparent to skilled artisans upon reviewing the instant
disclosure.

[0037] We estimate that complementary dielectric layer 90
advantageously may have a dielectric constant of greater
than about 7 and as high as about 30—though higher
dielectric constants may be derived by skilled artisans upon
reviewing the instant disclosure—a thickness range of about
5 A and 60 A. We believe that the inclusion of complemen-
tary dielectric layer 90 within composite gate dielectric layer
75 will further reduce the leakage current.

[0038] Referring to FIG. 5, a flow chart is illustrated. This
flow chart depicts a number of methods for forming a gate
dielectric layer. Variations and substitutions to the recited
methods will be apparent to skilled artisans upon reviewing
the disclosure herein.

[0039] According to a first processing path along the flow
chart, a dielectric layer is formed upon a clean silicon
substrate. Initially, a thermal layer of silicon dioxide is
grown upon a clean silicon (Si) substrate. This growth step
may be realized by rapid thermal oxidation at a temperature
of about 1000° C., for about 5 seconds or less, at a pressure
of 0.5 mTorr or less. Similar results have been obtained
using a furnace at a temperature of about 800° C. or more,
for about 10 seconds or more, at a pressure of about one (1)
mTorr or less. A transition metal, such as Zr, Hf or Ti, for
example, is subsequently implanted into the thermally
grown layer of silicon dioxide. Thereafter, the implanted
thermally grown layer of silicon dioxide is annealed in an O,
atmosphere at a temperature of about 800° C. or more, for
about 5 seconds or less, at a pressure of about one (1) mTorr
or less. The anneal step forms a layer of silicon oxide,
SiOy =, upon the silicon substrate, and the aforementioned
complementary dielectric layer upon the silicon oxide layer.
It should be noted that an etch back step may also be
performed after the growth step, as well as after the implant
step to insure that the resultant thickness of the silicon oxide
is about 5 A or less. This etch back step may be performed
using an HF chemistry, as well as atomic scale electron-
energy-loss spectroscopy (“EELS”) to ascertain the appro-
priate thickness.

[0040] According to a second processing path, a layer of
silicon oxide, SiOx,, is formed upon a clean silicon
substrate using atomic layer chemical vapor deposition
(“ALCVD”) techniques. Here, a monolayer of oxygen is
first formed upon the substrate by ALCVD. In practice,
however, a monolayer of a hydroxyl group is first formed
upon the substrate by ALCVD. A monolayer of silicon (with
a ligand) is thereafter formed upon the monolayer of oxygen
(or hydroxyl group), and a second monolayer of oxygen
(again in practice a hydroxyl group) is formed upon the
monolayer of silicon (with a ligand). Each ALCVD step may
be advantageously performed at a temperature of about
1000° C. Furthermore, each ALCVD step includes the step
of introducing an oxygen or silicon precursor dose of about
10'° atoms/cm?. Once the layer of silicon oxide is formed,
the complementary dielectric layer may be formed upon the
layer of silicon oxide. Alternatively, a second layer(s) of
silicon oxide may be formed upon the layer of silicon oxide.

[0041] According to a third processing path, a composite
dielectric layer is formed upon a clean silicon substrate by
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either a metal organic chemical vapor deposition
(“MOCVD”) or a low pressure chemical vapor deposition
(“LPCVD”) technique. As part of these MOCVD or LPCVD
steps, gaseous ZrO and SiO are introduced in the presence
of the substrate. Upon performing an anneal step in an O,
atmosphere at a temperature of about 800° C. or more, for
about 5 seconds or less, at a pressure of about (1) mTorr or
less, a layer of silicon oxide, SiOx <,, is formed upon the
substrate, and a metal-silicate is formed upon the layer of
silicon oxide.

[0042] According to a fourth processing path, a composite
dielectric layer is formed by initially evaporating a metal in
an O, atmosphere. These metal atoms, deposited by any
means, such as CVD or PVD, for example, form a layer of
metal-oxide or metal-silicide upon the cleaned silicon sub-
strate. Thereafter, an anneal step is performed in an O,
atmosphere at a temperature range of about 800° C. and
1100° C., for about 5 seconds or less, at a pressure of about
one (1) mTorr or less. Consequently, a layer of silicon oxide,
SiOx.,, is formed upon the substrate, and a layer of
metal-silicate is formed upon the layer of silicon oxide.

[0043] According to a fifth processing path along the flow
chart, a composite dielectric layer is formed by initially
sputtering transition metal atoms into an O, atmosphere
having a temperature or about 800° C. or more. As an
alternative to sputtering, a chemical vapor deposition or an
evaporation step may be performed. These metal atoms form
a layer of metal or metal-silicide upon the cleaned silicon
substrate. Thereafter, an anneal step is performed in an O,
atmosphere at a temperature of about 800° C. ore more, for
about 5 seconds or less, at a pressure of about one (1) mTorr
or less. Consequently, a layer of silicon oxide, SiOx <,, is
formed upon the substrate, and a layer of metal-silicate is
formed upon the layer of silicon oxide.

[0044] While the particular invention has been described
with reference to illustrative embodiments, this description
iS not meant to be construed in a limiting sense. It is
understood that although the present invention has been
described, various modifications of the illustrative embodi-
ments, as well as additional embodiments of the invention,
will be apparent to one of ordinary skill in the art upon
reference to this description without departing from the
spirit of the invention, as recited in the claims appended
hereto. Thus, while a gate dielectric layer for a field effect
transistor (“FET”) and a method of fabricating a gate
dielectric layer is disclosed, it should be apparent to skilled
artisans that the present invention may be applied to dielec-
tric layers generally, as well as other devices requiring
increased capacitance per unit area. It is therefore contem-
plated that the appended claims will cover any such modi-
fications or embodiments as fall within the true scope of the
invention.

1. A semiconductor device comprising:
a conductive layer;
a silicon substrate; and

a composite gate dielectric layer formed between the
silicon substrate and the conductive layer, the compos-
ite gate dielectric layer comprising:

a layer of silicon oxide, SiOx=,, having dielectric
constant greater than about 3.9 and about =12; and
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a complementary dielectric layer disposed upon the
layer of silicon oxide.

2. The semiconductor device of claim 1, wherein the layer
of silicon oxide has a thickness of about =5 A.

3. The semiconductor device of claim 2, wherein the
complementary dielectric layer has a dielectric constant
greater than about the dielectric constant of the layer of
silicon oxide.

4. The semiconductor device of claim 3, wherein the
complementary dielectric layer comprises at least one of an
aluminate, silicate, ZrO,, HfO,, TiO,, Gd,05, Y,O5, SizN,,
Ta,05 and AL, O;.

5. A semiconductor device comprising:

a layer of silicon oxide, SiOx,, formed upon a semi-
conductor substrate, the layer of silicon oxide having a
dielectric constant greater than about 3.9 and about
=12; and

a complementary dielectric layer disposed upon the layer
of silicon oxide.

6. The semiconductor device of claim 5, wherein the layer
of silicon oxide has a thickness of about =5 A.

7. The semiconductor device of claim 6, wherein the
complementary dielectric layer has a dielectric constant
greater than about the dielectric constant of the layer of
silicon oxide.

8. The semiconductor device of claim 7, wherein the
complementary dielectric layer comprises at least one of an
aluminate, silicate, ZrO,, HfO,, TiO,, Gd,05, Y,O5, SizN,,
Ta,O4 and ALO;.

9. A method of fabricating a composite gate dielectric
layer comprising the step of:

forming a complementary dielectric layer upon a layer of
silicon oxide, SiO -,, the layer of silicon oxide having
a thickness of about =5 A and a dielectric constant
greater than about 3.9 and about =12.
10. The method of claim 9, wherein step of forming a
complementary dielectric layer upon a layer of silicon oxide
comprises the steps of:

forming a first monolayer of oxygen upon a silicon
substrate by at least one of atomic layer chemical vapor
deposition, metal organic chemical vapor deposition
and low pressure chemical vapor deposition;

forming a monolayer of silicon upon the first monolayer
of oxygen by at least one of atomic layer chemical
vapor deposition, metal organic chemical vapor depo-
sition and low pressure chemical vapor deposition;

forming a second monolayer of oxygen upon the mono-
layer of silicon by at least one of atomic layer chemical
vapor deposition, metal organic chemical vapor depo-
sition and low pressure chemical vapor deposition; and

growing the complementary dielectric layer upon the

second monolayer of oxygen.

11. The method of claim 10, wherein the complementary
dielectric layer is grown by at least one of metal organic
chemical vapor deposition and low pressure chemical vapor
deposition.
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12. The method of claim 9 wherein the step of forming a
complementary dielectric layer upon a layer of silicon oxide
comprises the steps of:

growing a layer of silicon dioxide upon a silicon sub-
strate;

implanting a transition metal into the layer of silicon
dioxide; and

annealing the implanted silicon dioxide layer to form the
layer of silicon oxide and the complementary dielectric
layer.
13. The method of claim 12, wherein the transition metal
comprises at least one of Zr, Hf and Ti.
14. The method of claim 9, wherein the step of forming
a complementary dielectric layer upon a layer of silicon
oxide comprises the steps of:

forming a metal-silicide upon a silicon substrate; and

annealing the metal-silicide to form the layer of silicon
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oxide upon the silicon substrate and the complementary
dielectric layer upon the layer of silicon oxide.

15. The method of claim 14, wherein the step of forming
a metal-silicide upon a silicon substrate comprises the step
of heating a silicide to release metal atoms into an O,
atmosphere.

16. The method of claim 14, wherein the step of annealing
is performed in an O, atmosphere at a temperature of about
800° C. for a time of less than about 5 seconds.

17. The method of claim 14, wherein the step of forming
a metal-silicide upon a silicon substrate comprises the step
of at least one of sputtering metal atoms in an O, atmo-
sphere, evaporating metal atoms in an O, atmosphere, and
chemical vapor depositing metal atoms in an O, atmosphere.



