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BARRIER FOR LOW-RESISTIVITY GATE CONDUCTORS BACKGROUND OF THE INVENTION 1.
FIELD OF TIC INVENTION The present invention generally relates to
transmission lines for =- 5 MAR 200 microcircuits. More particularly, this
invention relates to a diffusion barrier for lowresistance gate conductors
for metal-oxide-semiconductor field-effect transistors (MOSFETs), in which
the diffusion barner is formed of a semi-insulating material that is able
to prevent degradation of a gate conductor at high processing temperatures
encountered during the fabrication of MOSFET and CMOS devices. 2.
DESCRIPTION OF THE PRIOR ART As known in the art, the gate of a field
effect transistor (FET) typically includes a gate insulator over a
semiconductor substrate, over which a polysilicon gate electrode is formed
to which a voltage is applied to invert the surface of the substrate
beneath the electrode, forming a chaiuiel through which electrons or holes
flow from the source toward the drain of the transistor. The gate structure
further includes a gate conductor that is electrically connected with the
gate electrode, and by which the gate signal is delivered to the gate
electrode. In addition to having low electrical resistance to minimize gate
signal delay, the gate conductor of a MOSFET is often required to withstand
high processing temperatures, for example, above 1050C for_junction
activation. This process integration constraint has necessitated a tradeoff
between the conductivity and thermal stability of the gate conductor
material Gate conductors formed of tungsten or titanium silicides (TISy
have low reslsiivltles, on the order of   - 5 MAR 2003 -2 about 15 to 20
micro-olunscm, but cannot withstand junction activation without degradation
from interdif~usion with the polysilicon gate electrode, leading to a sharp
increase in resistivity and/or causing a depletion of dopant from the gate
electrode. Furthermore, TiSix tends to agglomerate at temperatures above
about 900C, and pure tungsten reacts with polysilicon at temperatures above
about 750 C to form tungsten silicides (WSi,~, which exhibit high
resistivities on the order of about 200 microohmscm, and therefore
undesirably increase gate propagation delay. Even so, tungsten silicides
are more thermally stable as compared to tungsten metal and titanium
silicides, and are therefore employed as the material for gate conductors
if processing temperatures will exceed the capability of tungsten and
titanium silicide. One known approach to prevent degradation of a gate
structure having a tungsten gate conductor is to provide a diffusion
barrier between the conductor and polysilicon electrode. In order to avoid
undue delay in the gate signal, more current leakage through the diffusion
barrier is better. Consequently, conventional wisdom has been to use
conductive materials, such as TiN, TaSiN or tungsten nitride (WN,~, as the
diffusion barrier material. However, conductive diffusion barner materials
such as TiN and TaSiN are limited to processing temperatures of less than
about 900C m order to prevent breakdown of the material (TiN and WN,~ or
prevent thermal oxidation of the material (TiN or TaSiN). Accordingly,
conductive diffusion barrier materials currently available cannot withstand
temperatures sufficient for junction activation and other high-temperature
processes necessary in the fabrication of MOSFETs, or are otherwise not
sufficiently oxidation resistant or compatible with integrated circuit
manufacturing to successfully serve as a diffusion barrier for a gate
electrode In view of the above, what is needed is a gate structure that is
capable of withstanding processing temperatures above 900C, and preferably
at least 100C for junction activation, without significantly increasing
gate propagation delay.  



.- 5 MAR 2003 -3 BRIEF SUMMARY OF THE INVENTION 'The present invention
provides a gate structure for a semiconductor device, and particularly a
MOSFET for such applications as CMOS teclnlology. The gate structure of
this invention can employ a gate conductor that has relatively low
resistivity, e.g., tungsten or titanium silicide, yet remains thermally
stable at processing temperatures above 900 C. As a result, the gate
structure can eallibit low gate propagation delay while also being capable
of withstanding high temperature processes such as junction activation. As
with conventional processes, the gate structure of this invention generally
entails an electrical insulating layer on a semiconductor substrate, over
which a polysilicon gate electrode is formed. The gate structure further
includes a gate conductor that is electrically connected with the electrode
via a dlffu51o11 barrier, which separates the gate electrode and gate
conductor to prevent interdiffusion therebetween. Because the gate
electrode voltage controls the speed of the transistor, the voltage drop
across the diffusion barrier must be minimal in order to achieve a maalmum
switching speed for the transistor at a given swing of the gate voltage.
For this reason, only highly conductive materials have been considered in
the past as potential candidates for diffusion barrier of gate structures.
Conductive materials such as metals and certain senumetals, metal
silicides, metal nitrides, and doped semiconductors generally have
resistivities in the range of about 106 to 10-2 ohms-cm. On the other hand,
typical insulator materials have resistivities in the range of about 106 to
10'$ oluns-cm. A material having a resistivity between 102 and 106 olnns-cm
(i.e., between that of "good" conductor materials and "good" insulator
materials) may be referred to as either an imperfect insulator or a poor
conductor, depending of whether its resistivity is closer to that of an
insulator or conductor material.   - 5 MAR 2003 - 3a  According to a first
aspect of the invention there is provided a semiconductor device formed in
a semiconductor substrate, the semiconductor device including: an
electrical insulating layer on the substrate; a gate electrode on the
electrical insulating layer; a semi-insulating diffusion barrier layer on
the electrode, the diffusion barrier layer having a resistivity above 102
ohms-cm; and a conductor contacting the diffusion barrier layer and
separated from the gate electrode by the diffusion barrier layer so that
the conductor makes electrical contact with the electrode through the
diffusion barrier layer and a gate electrode charge is induced in the
electrode by applying a voltage to the conductor; wherein the diffusion
barner layer has a sufficient thickness to effectively block 



diffusion and intermixing between the conductor and electrode. According to
a second aspect of the invention there is provided a semiconductor device
formed in a semiconductor substrate, the semiconductor device including: an
electrical insulating layer on the substrate; a gate electrode on the
electrical insulating layer; a semi-insulating diffusion barrier layer on
the electrode, the semi-insulating diffusion barrier layer having a
resistivity above 10-2 ohms-cm and a thickness in Angstroms of less than:
t,Edb~3 E, where t, is the thickness of the insulating layer in Angstroms,
db is the permittivity of the diffusion barner layer, and E, is the
permittivity of the insulating layer; and a conductor contacting the
diffusion barrier layer so as to electrically contact the electrode, such
that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor, wherein the diffusion barrier layer has a
sufficient thickness to effectively block diffusion and intermixing between
the conductor and electrode.   - 5 MAR 2003 -3b According to a third aspect
of the invention there is provided a semiconductor device formed in a
semiconductor substrate, the semiconductor device including: an electrical
insulating layer on the substrate; 



a gate electrode on the electrical insulating layer; a semi-insulating
diffusion barner layer on the electrode, the diffusion barrier layer being
formed of a quantum conductive material, having a thickness of less than 25
Angstroms, and having a resistivity above 10'2 ohms-cm; and a conductor
contacting the diffusion barrier layer so as to electrically contact the
electrode, such that a gate electrode charge is induced in the electrode by
applying a voltage to the conductor; wherein the diffusion barner layer has
a sufficient thickness to effectively block diffusion and intermixing
between the conductor and electrode. According to a fourth aspect of the
invention there is provided a semiconductor device formed in a
semiconductor substrate, the semiconductor device including: an electrical
insulating layer on the substrate; a gate electrode on the electrical
insulating layer; a semi-insulating diffusion barrier layer on the
electrode, the semi-insulating diffusion barrier layer formed of a material
selected from the group consisting of silicon oxide, silicon nitride and
silicon oxynitride, having a thickness of less than 25 Angstroms, and
having a resistivity above 10'2 ohms-cm; and a conductor contacting the
diffusion barrier layer so as to electrically contact the electrode, such
that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor; wherein the diffusion barner layer has a
sufficient thickness to effectively block diffusion and intermixing between
the conductor and electrode.   



- 5 MAR 2003 -3c According to a fifth aspect of the invention there is
provided a semiconductor device formed in a semiconductor substrate, the
semiconductor device including: an electrical insulating layer on the
substrate; a gate electrode on the electrical insulating layer; a
semi-insulating diffusion barrier layer on the electrode, the
semi-insulating diffusion barner layer having a resistivity above 10-Z
ohms-cm and having a thickness of 5 Angstroms or less; and a conductor
contacting the diffusion barner layer so as to electrically contact the
electrode, such that a gate electrode charge is induced in the electrode by
applying a voltage to the conductor; wherein the diffusion barrier layer
has a sufficient thickness to effectively block diffusion and intermixing
between the conductor and electrode, and is sufficiently thin to cause
charging of the electrode by capacitively coupling between the conductor
and the electrode. According to a sixth aspect of the invention there is
provided a semiconductor device formed in a semiconductor substrate, the
semiconductor device including: an electrical insulating layer on the
substrate; a gate electrode on the electrical insulating layer; a
semi-insulating diffusion barrier layer on the electrode, the
semi-insulating diffusion barrier layer having a resistivity above 10-Z
ohms-cm; and 



a conductor contacting the diffusion barner layer so as to electrically
contact the electrode, such that a gate electrode charge is induced in the
electrode by applying a voltage to the conductor, the gate electrode charge
being at least 75% of the voltage applied to the conductor; wherein the
diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode.   - 5 MAR
2003 -4 Contrary to conventional wisdom, the diffusion barrier of this
invention is a very thin layer of a material with semi-insulating
properties, which are defined by the ability of the diffusion barrier to
allow for a flow of the leakage current (expressed in Amps per unit of area
at a specified voltage). According to the invention, transistor speed is
not significantly affected if the diffusion barrier provides sufficient
capacitive coupling between the gate conductor and electrode, and/or allows
sufficient leakage current from the gate conductor to the electrode. For
example, a sufficient leakage current through a diffusion barrier is in the
range of about 10-a to 1 A/~m2 based on one Volt bias across the barrier.
Both leakage current and the degree of gate electrode charging due to
capacitive coupling is increased as the thickness of the diffusion barrier
is reduced. In general, the leakage current may not be a linear function of
the voltage across the diffusion barrier, such that barrier resistance and
resistivity may depend on the voltage. Nevertheless, a comparison of the
resistance, resistivity, and leakage current of semi-insulating materials
at a specified voltage has demonstrated that very thin (e.g., about 0.5 to
about 10 tun) semi-insulating (bulk resistivity of between 10-z and I06
ohms-cm) diffusion barriers have leakage currents within the above-noted
desired range of 10'$ to 1 A/~mz at 1 Volt bias. lit contrast, based on a
typical contact resistance (resistance of unit contact area) of less than
10-$ ohm-cmz, conventional conductive diffusion barriers have a leakage
current of snore than 1 Alf,cmz at I Volt bias. The same is true even for
very thin (e.g., about 0.5 to about 10 nin) conductive diffusion barriers.
Accordingly, the semi-insulating diffusion barriers of this invention are
also distinguishable from conventional conductive diffusion barriers by
having lower leakage currents. The semi-insulating quality of the
difftision barrier oC this invention can be achieved by employing one of
several teclmiques or their combinations. In one   - 5 MAR 2003 -s
approach, the thickness of a diffusion barrier formed of a good bulk
insulator is optimized to allow for a sufficient tunneling current while
preventing diffusion and intermixing of gate conductor and electrode
materials during high-temperature processing. In another approach, the
barrier material is formed of an insulating material that contains a large
number of structural and chemical defects and/or dopants that increase
electrical leakage but do not change the diffusion-inhibiting properly of
the barrier. In view of the above, it can be appreciated that the present
invention establishes that effective diffusion barriers for MOSFET gates
can be formed from materials other than the highly conductive materials
typically used in the prior art. I11 fact, diffusion barners can be formed
of very poor conductor (semi-insulating) materials with minimal effect on
transistor speed. Accordingly, the invention is distinguishable from the
prior art in part on the basis of the resistivity of the diffusion barrier,
which allows for the use of a class of materials that includes, among
others, thin tunneling insulators (also referred to as quantum conductive
matenals). As a result of the broader selection of materials that can be
used for the gate diffusion barrier of this invention, and particularly
semi-insulating materials capable of inhibiting diffusion at temperatures
above 900 C, the present invention also allows for the use of gate
conductors formed of low-resistivity but thermally unstable materials such
as tungsten or TiSiX, which would otherwise be susceptible to
high-temperature interdiffusion with the polysilicon gate electrode if
exposed to processing temperatures beyond the capability of prior art
conductive diffusion barriers. As a result, the material for the gate
conductor can be chosen on the basis of minimizing gate propagation delay,
thereby improving the overall performance of the device without concert for
interdiffusion and its consequences, e.g., ihennal degradation of the gate
structure, increase in reslstlvity of the conductor, and depletion of
dopant from the gale electrode 



- 5 MA R 2003 -6 Other objects and advantages of this invention will be
better appreciated from the following detailed description. BRIEF
DESCRIPTION OF THE DRAWINGS Figure 1 represents a gate structure with a
continuous semi-insulating diffusion barner layer in accordance with this
invention. Figure 2 is a graph that represents the transient responses of
gate structures of differing current leakages when subj ect to a step
voltage of one volt. Figure 3 is a graph that relates gate propagation
delay to current leakage through semi-insulating diffusion barrier layers
of different thicknesses Figure 4 is a graph that relates the influence
that current leakage has on gate propagation delay for semi-insulating
diffusion barrier layers of tlus invention. DETAILED DESCRIPTION OF THE
INVENTION Figure 1 represents an embodiment for a gate structure 10 in
accordance with the present invention. As conventional, the gate structure
10 is built up on a semiconductor substrate 12 of silicon or another
suitable semiconductor material. The portion of substrate 12 represented is
generally that of the chamiel between a pair of doped islands (not shown)
for the source and drain of a MOSFET. As is conventional, the gate
structure includes a gate insulator 14, typically a thin layer of silicon
dioxide The gate insulator 14 insulates a polysilicon gate electrode 16
front the substrate 12. The final conventional component of the gale
structure 10 is a gate conductor 18 that electrically contacts the gate
electrode 16 in order to apply a positive or negative charge   - 5 MAC 2003
to the gate electrode 16, by which the desired electric field is generated
to allow or interrupt current flow between the source and drain of the
M~SFET. The processing steps necessary to form the gate structure 10 of
Figure 1 are within the knowledge of those skilled in the art, and
therefore will not be discussed in any detail. According to the present
invention, the gate structure 10 further includes a semi-insulating
diffusion barrier 20 between the gate electrode 16 and conductor 18. The
function of the barrier 20 is to provide a physical barrier to
interdifl'usion between the electrode 16 and conductor 18 while providing
for sufficient current leakage and/or capacitive coupling therebetween to
charge the electrode 16. A feature of this invention is that the barrier 20
allows the use of highly conductive yet otherwise thermally unstable
materials for the conductor 18, including tungsten, titanium silicide,
cobalt and cobalt silicide. The barrier 20 is distinguishable from
conductive diffusion barriers of the prior art in that its bulk property is
that of an electrical insulator, instead of an electrical conductor, wluch
allows for the use of a class of materials that includes, among others,
thin tunneliilg insulators (quantum conductive materials). According to the
invention, the prior constraint on the resistiviy of the diffusion barrier
20 can be relaxed (i.e., higher resistivities are permitted) in part
because a relatively small amount of charge is needed to charge the gate
electrode 16, and a relatively small current leakage is needed to supply
this charge during a desired switching/charging time. Another factor that
allows the use of diffusion barrier materials with higher resistivity is
that, because of its bulk insulating properties, the semi-insulating
diffusion barrier 20 of this invention provides for capacitive coupling
between the gate electrode 16 and conductor 18. The degree of gate
electrode charging due to capacitive coupling is detennined by the ratio of
gate insulator capacitance to diffusion barrier capacitance. The larger the
barrier capacitance wish respect to the gate capacitance, the higher the
degree of capacitive coupling Since capacitance is inversely proportional
to the thickness of a11 nisulator, the thuvier the diffusion barrier   - s
MAR 2003 _g_ 



20, the higher the degree of capacitive coupling. In the semi-insulating
diffusion barrier 20 of the invention, both capacitive coupling and leakage
contribute to charging of the gate electrode 16. In fact, both are affected
positively (from the point of speed) if the thickness of the barrier 20 is
reduced. Because the resistivity requirement on the material for the
diffusion barrier 20 is relaxed by this invention, new candidate materials
are permitted to be considered and used as the diffusion barrier 20.
Particularly suitable materials for the barrier 20 include silicon oxide
(SiOz), silicon nitride (SiN,~ and silicon oaynitride (SiNXOY). Each of
these materials is considered a good insulator (e.g., resistivities greater
than 108 ohm-cm) as far as its bulk electrical properties are concerned.
However, as ultra thin films (less than twenty-five Angstroms), these
materials (especially nitrides) are quite leaky due to tunneling, such that
the diffusion barrier 20 is a quantum conductive film whose electrical
conductivity depends on its film thickness. As a quantum conductive film,
the barrier 20 of this invention becomes more electrically conductive as
its thickness decreases, permitting current leakages therethrough of up to
about 1 A/E,cmZ for a one Volt bias. At tlucknesses greater than about
twenty-five Angstroms, negligible tunneling occurs and these materials are
essentially insulating, though comparable current leakages can be achieved
with film thicknesses of up to one hundred Angstroms if sufficient defects
are present in the film material. For the same reason, the leakage current
for a given film thickness can be increased through a diffusion barrier 20
formed of a semi-insulating material by introducing defects (damage) and/or
dopants. One such method is to dope the diffusion barrier 20 by ion
implantation of dopants (e. g. arsenic (As), phosphorous (P), or a metal)
using a careful selection of energies and flux Implantation may also be
used to create defects (damage) that render the bamer 20 more pervious to
current flow.   - 5 MaR 2003 -9 From the above, it can be appreciated that
the diffusion barrier 20 must satisfy two requirements: serve as a good
barrier to diffusion between the gate electrode 16 and conductor 18, and
allow for fast charging of the gate electrode 16. As discussed above,
charging of the gate electrode 16 can be achieved with the semiinsulating
barrier 20 of this invention by means of both leakage current through the
barrier 20 and capacitive coupling between gate electrode 16 and conductor
18. If too thick, leakage current will be too low and the barrier layer 20
will behave as a small but high quality capacitor that leads to a large
degradation in device performance. On the other hand, if lughly conductive
(excessive electrical leakage) the barrier layer 20 (as well as the gate
conductor 18) becomes susceptible to thermal degradation at high
temperatures, e.g., above 900 C, similar to prior art conducting diffusion
barriers. Capacitive coupling between the gate electrode 16 and conductor
18 does not require any leakage through the barrier 20, but camlot charge
the gate electrode 16 to the full potential of the gate conductor 18.
Instead, capacitive coupling rapidly charges the gate electrode 16 to a
voltage lower than that of the gate conductor 18. This voltage is defined
by the ratio of the capacitances of the gate insulator 14 to the diffusion
barrier 20. If V 1 is the voltage drop across the barrier 20, V2 is the
voltage drop across the gate insulator 14, and V is the gate conductor
voltage (such that V=V 1+V2), then V2=VCb/(C,~+Cb) where Cb is the
capacitance of the barrier 20 and C", is the capacitance of the gate
insulator 14. V2 is the potential of the gate electrode 16 if there is only
capacitive coupling (no leakage current) between the gate conductor 18 and
the gate electrode 16. In view of the above, capacitive coupling and
electrical leakage through the barrier 20 will impact gate propagation
delay, and therefore device performance. Also affecting gate propagation
delay are the geometrical effects attributable to the distributed nature of
the capacitance and resistance of the conductive line to the conductor 18
In order to understand the impact of each of these influences, a simple   `
5 MA R 2003 -10 distributed model was developed and evaluated using a SPICE
simulation to determine charging time of the gate electrode, in which
barrier thicluless, and therefore current leakage and capacitive coupling,
was the variable parameter. For tlus analysis, tungsten (sheet resistance
of 6 ohms/square) was selected as the low-resistance material for the gate
conductor, and silicon nitride was selected as the semi-insulating material
for a continuous semi-insulating diffusion barrier between the gate
conductor and electrode. The line width and length of the conductor was 0.2
and 100 micrometers, respectively. Diffusion bamer thicknesses of five,
six, seven, ten and twenty angstroms were evaluated, with leakage currents
ranging from about 10-' to 10'z A/~.cmz. Polysilicon (sheet resistance of
about 150 ohrns/square) was selected as the material for the gate
electrode. The gate insulator was a silicon dioxide filrr~ having a
tluckness of about fifty-five angstroms. Figure 2 is illustrative of three
transient responses for semi-insulating diffusion barriers with thicknesses
("TB") of about seven angstroms and leakage currents ("JB") of 10-z, 10-4
or 10-6 A/~mz as a result of different leakage levels obtained by
controlling the defect distribution (i.e., defect size and density) in the
film. A step voltage of one Volt was used to generate the transient
responses that produced the data plotted in Figure 2. The data represented
in Figure 3 were extracted from plots similar to the one shown in Figure 2,
but for five semi-insulating diffusion barriers with thicknesses of five,
six, seven, ten and twenty Angstroms. Figure 3 shows the rise time of a
gate electrode defined at 95% of the applied voltage, and evidences that,
for thicknesses of about five Angstroms and less, only a slight change in
gate delay occurs over a broad range of leakage currents (10-' to 10-z
A/~mz). In contrast, for thicknesses of above five Angstroms, a significant
change in gate delay occurs for leakage currents of less than 10-4 A/umz.
Therefore, Figure 3 evidences that in the case of a SA bamer, a 95% voltage
swing can be achieved with capacitwe coupling only, while both capacitive
coupling and leakage current are needed to reach a comparable voltage   5
MA R 2003 swing with thicker semi-insulating barriers. Accordingly, gate
propagation delay does not substantially depend on the barner leakage
current over the entire leakage range of a SA barrier, while in the case of
a 6A (or thicker) barrier the delay is substantially increased if a leakage
current below about 10'4 A/~mz is present. lit general, Figure 3 evidenced
that for films significantly thinner than 6P, (i.e., SA and thinner), gate
propagation delay is domilZated by capacitive coupling, and the leakage of
the film is not particularly important. The definition of rise time
employed for Figure 3 was arbitrary and for 



investigation purposes only. In practice, the level of voltage at which the
rise (or delay) time is defined would be set by a specific circuit design
and may vary from circuit to circuit. Figure 2 clearly shows that if the
delay (rise) time were defined at 90% of applied voltage, there would be a
much smaller difference between the delays expected at different barrier
leakage currents than that ShOWIl 11 Figure 3. Accordingly, the breakout
point in Figure 3 would shift from about 10'4 A/,um2 to a much lower value.
Figure 4 demonstrates the geometrical effects attributable to the
distributive nature of resistances and capacitances of gate stacks that
include the semiinsulating diffusion barrier of this invention. At lower
barrier leakage currents, the delay is determined by the barrier leakage
only. However, at higher barner leakage currents the delay also depends on
line length. From Figure 4, it was concluded that increased barrier leakage
(i.e., at least 10'S Alum2) is useful for reducing propagation delay for
line lengths shorter than about 100 micrometers. In view of the above, it
can be appreciated chat one ieclvzique for achieving a suitably high
leakage current through the seen-insulating diffusion bamer 20 of this
invention is to limit the thickness of the barrier 20, ~~.~ith suitable
thicknesses believed to be less 11a11 twenty-five Angstroms, such that
quantum mechanical   - 5 MAR 2003 -12 tunneling phenomena produces a
substantial leakage current. The exact thickness at which the turn~eling
current rakes off will depend on the bamer material. For example, to
achieve the same density of twlneling current, a silicon nitride barrier 20
would be made thicker than a silicon oxide barrier 20. The relation of
tunneling current to material properties such as bandgap alignment and
effective mass is well knov~m in the art. Another technique for increasing
current leakage through an otherwise insulatiilg barrier 20 of this
invention is to introduce defects and/or dopants into the barrier 20. Both
defects and dopants can either boost tunneling by reducing the tunneling
barrier for the carriers, or enhance a so-called hopping conduction which
is due to carrier hopping from defect to defect or from dopant to dopant.
One way of introducing dopants into an insulating barrier 20 is to provide
a source of dopants during formation of the barrier 20. If the barrier 20
is formed by vapor phase deposition, the source of dopants would typically
be supplied during deposition in the form of a source gas If the barrier 20
is formed by reacting solid films, a solid source of dopants in the
vicinity of the reaction zone would be used (normally, as part of at least
one of the reacting films). Dopants can also be introduced into the barrier
20 after gate stack deposition by means of ion implantation, by which the
ion energy is adjusted such that ions penetrate the gate conductor 18 and
stop in or around the diffusion barrier 20. Most metals are known to
increase leakage in insulating films and, therefore, could be used as
dopants. Large dopant atoms may also produce structural damage and, thus,
increase leakage. For example, arsenic and phosphorous are relatively large
atoms that are widely used as silicon dopants. Due to their size and
silicon processing compatibility, arsenic and phosphorous are believed to
be particularly suitable candidates for insulator doping. The present
invention has demonstrated the ability of semi-insulating   - 5 MAR 2003
-13 materials (resistivities above 10-2 oluns-cm) to serve as diffusion
barriers for gate structures of field effect transistors, in contrast to
the conventional wisdom that gate diffusion barriers must be formed from
conductive materials (resistivities of about 10'6 to 10'z ohms-cm.) in
order to avoid a substantial increase in gate propagation delay (i.e., a
reduction of the gate electrode charging rate). However, semi-insulating
barriers must satisfy several requirements in order not to substantially
degrade the charging speed and the voltage swing of the gate electrode. A
gate electrode swing that is less than 75% of the applied voltage step may
be considered impractical, since a 25% reduction of the gate electrode
voltage would substantially degrade the drive current of a MOS transistor.
SPICE simulation has shown that in spite of the distributed nature of line
capacitance and resistance, there is a capacitive coupling between gate
conductor and gate electrode over the entire range of ban-ier leakage
current. This simulation also showed that, as noted previously, the
contribution to gate electrode voltage attributable to capacitive coupling
can be approximated through the ratio of barrier and gate insulator
capacitances per unit area. Therefore, the requirement that the gate
electrode voltage is higher than 75% can be expressed in ternls of barrier
and gate insulator thicknesses and dielectric pernlittivities as tdb C
~db~3 E, where tab is the thickness of the diffusion barrier ZO in
Angstroms, t, is the thickness of the gate insulator 14 m Angstroms, sdb is
the pennittiv~ty of the diffusion barrier 20, and e, is the pennittivity of
the insulator 14. 



If one wishes to achieve a 95% of applied voltage swing on the gate
electrode 16, the above formula can be rewritten to achieve a higher
capacitance ratio and, therefore, a thinner barrier wish a higher
dielectric pennittivity. 1~ or example, the diffusion barrier with a
thickness of five Angstroms in Figure 3 satisfies such criteria,   - 5 MAR
2003 -14 while a barrier with a thickness of six Angstroms does not.
Importantly, the diffusion barrier 20 of this invention cannot be made
arbitrary thin. While the theoretical thickness limit would be the
thickness of one monolayer of atoms (about three to five Angstroms), a
snore practical limit is about six to twenty Angstroms. The actual limit
would be identified in each specific case by deternlining the ability of
the thin barrier 20 to withstand a particular thermal budget so as to
prevent undesirable diffusion and intermixing of the gate conductor and
gate insulator materials. Since the dielectric pernlittivity of the barrier
20 cannot be arbitrary increased, there may be a situation that at a given
thickness and dielectric permittivity of the gate insulator 14, the
requirement on the barrier thickness cannot be satisfied. In this
situation, in order to achieve a desired voltage swing on the gate
electrode 16, one must rely on both leakage current and capacitive
coupling. Furthermore, the leakage current must be relatively high so as
not to introduce a large delay due to a slow rate of gate electrode
charging at low leakage currents. For example, Figure 3 shows that the 95%
rise tune will not be substantially affected if the leakage current is
larger than 10-' A/,um2, independent of the barrier thickness. Even though
the barrier 20 can be made arbitrarily thick for a specified leakage, there
are several practical limitations on its maximum tluckness. For example, a
diffusion barrier 20 that is thicker than fifty Angstroms may substantially
contribute to the overall gate stack height. Thicker gate stacks are
generally undesirable due to an increased aspect ratio of the patterned
gate. While our invention has been described In terms of a preferred
embodiment, it is apparent that other forms could be adopted by one skilled
in the art. Accordingly, the scope of our invention is to be limited only
by the following claims.   - 5 MAR 2003 -15 We claim: 1. A semiconductor
device formed in a semiconductor substrate, the semiconductor device
comprising: an electrical insulating layer on the substrate; a gate
electrode on the electrical insulating layer; a semi-insulating diffusion
barrier layer on the electrode, the diffusion barrier layer having a
resistivity above 10-2 ohms-cm; and a conductor contacting the diffusion
barrier layer and separated from the gate electrode by the diffusion
barrier layer so that the conductor makes electrical contact with the
electrode through the diffusion barrier layer and a gate electrode charge
is induced in the electrode by applying a voltage to the conductor; wherein
the diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode. 



2. A semiconductor device according to claim 1, wherein the diffusion
barner layer has a thickness in angstroms of less than: t,Edb~3 E; where t;
is the thickness of the insulating layer in angstroms, Edb is the
permittivity of the diffusion barrier layer, and s, is the permittivity of
the insulating layer. 3. A semiconductor device according to claim 1,
wherein the diffusion barrier layer has a current leakage of less than 1
A/~mz when subjected to a one Volt bias. 4. A semiconductor device
according to claim 1, wherein the diffusion barner layer has a current
leakage of 10 -g to 1 A/pmz when subjected to a one Volt bias.   5 MAR 2003
-16 5. A semiconductor device according to claim 1, wherein the diffusion
barner layer is a quantum conductive material and the thickness thereof is
less than 25 angstroms. 6. A semiconductor device according to claim 1,
wherein the diffusion barrier layer is formed of a material selected from
the group consisting of silicon oxide, silicon nitride and silicon
oxynitride. 7. A semiconductor device according to claim 6, wherein the
thickness of the diffusion barrier layer is less than 25 angstroms. 8. A
semiconductor device according to claim 1, wherein the diffusion barrier
layer is doped with one or more dopants chosen from the group consisting of
arsenic, phosphorous and metals. 9 A semiconductor device according to
claim 1, wherein the thickness of the diffusion barrier layer is
sufficiently thin to cause charging of the electrode by 



capacitively coupling between the conductor and the electrode. 10. A
semiconductor device according to claim 9, wherein the diicluless of the
diffusion barrier layer is about 5 Angstroms or less , 11. A semiconductor
device according to claim 9, wherein capac~tive coupling accounts for
substantially all of the gate electrode charge 12 A semiconductor device
according to claim 1, wherein the gate electrode charge is at least 75% of
the voltage applied to the conductor   - 5 MAR 2003 -17 13. A semiconductor
device according to claim 1, wherein the thickness of the diffusion barrier
layer is sufficient to effectively block diffusion and intermixing between
the conductor and electrode at temperatures above 900C. 14. A semiconductor
device according to claim 1, wherein the conductor is a material chosen
from the group consisting of tungsten, titanium silicide, cobalt and cobalt
silicide. 15. A semiconductor device according to claim 1, wherein the
semiconductor device is a MOSFET formed in a silicon substrate, the
electrical insulating layer is a gate oxide layer of the MOSFET, the
electrode is a gate electrode of the MOSFET, and the conductor is a gate
conductor of the MOSFET. 16. A semiconductor device formed in a
semiconductor substrate, the semiconductor device comprising: an electrical
insulating layer on the substrate; a gate electrode on the electrical
insulating layer; 



a semi-insulating diffusion barrier layer on the electrode, the
semi-insulating diffusion barner layer having a resistivity above 10-Z
ohms-cm and a thickness in Angstroms of less than: t,Edb~3 E, where t, is
the thickness of the insulating layer in Angstroms, Edb iS the permittivity
of the diffusion barner layer, and s; is the permittivity of the insulating
layer; and a conductor contacting the diffusion barrier layer so as to
electrically contact the electrode, such that a gate electrode charge is
induced in the electrode by applying a voltage to the conductor, wherein
the diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode.   - 5 MAR
2003 -18 17. A semiconductor device formed in a semiconductor substrate,
the semiconductor device comprising; an electrical insulating layer on the
substrate; a gate electrode on the electrical insulating layer; a
semi-insulating diffusion barrier layer on the electrode, the diffusion
barrier layer being formed of a quantum conductive material, having a
thickness of less than 25 Angstroms, and having a resistivity above 102
ohms-cm; and a conductor contacting the diffusion barrier layer so as to
electrically contact the electrode, such that a gate electrode charge is
induced in the electrode by applying a voltage to the conductor; wherein
the diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode. 



18. A semiconductor device formed in a semiconductor substrate, the
semiconductor device comprising: an electrical insulating layer on the
substrate; a gate electrode on the electrical insulating layer; a
semi-insulating diffusion barrier layer on the electrode, the
semi-insulating diffusion barner layer formed of a material selected from
the group consisting of silicon oxide, silicon nitride and silicon
oxynitride, having a thickness of less than 25 Angstroms, and having a
resistivity above 10-z ohms-cm; and a conductor contacting the diffusion
burner layer so as to electrically contact the electrode, such that a gate
electrode charge is induced in the electrode by applying a voltage to the
conductor; wherein the diffusion barrier layer has a sufficient thickness
to effectively block diffusion and intermixing between the conductor and
electrode.   - 5 M A R 2003 -19 19. A semiconductor device formed in a
semiconductor substrate, the semiconductor device comprising: an electrical
insulating layer on the substrate; a gate electrode on the electrical
insulating layer; a semi-insulating diffusion barrier layer on the
electrode, the semi-insulating diffusion barrier layer having a resistivity
above 10-2 ohms-cm and having a thickness of 5 Angstroms or less; and a
conductor contacting the diffusion barrier layer so as to electrically
contact 



the electrode, such that a gate electrode charge is induced in the
electrode by applying a voltage to the conductor; wherein the diffusion
barrier layer has a sufficient thickness to effectively block diffusion and
intermixing between the conductor and electrode, and is sufficiently thin
to cause charging of the electrode by capacitively coupling between the
conductor and the electrode. 20. A semiconductor device formed in a
semiconductor substrate, the semiconductor device comprising: an electrical
insulating layer on the substrate; a gate electrode on the electrical
insulating layer; a semi-insulating diffusion barrier layer on the
electrode, the semi-insulating diffusion barrier layer having a resistivity
above 10-z ohms-cm; and a conductor contacting the diffusion barrier layer
so as to electrically contact the electrode, such that a gate electrode
charge is induced in the electrode by applying a voltage to the conductor,
the gate electrode charge being at least 75% of the voltage applied to the
conductor; wherein the diffusion barrier layer has a sufficient thickness
to effectively block diffusion and intermixing between the conductor and
electrode. .A&?.A,.AE .AF.Ae.Aa@.Ae.A.Ae.Ah.AS2 .AA.A .A
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