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METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL
JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

RELATED APPLICATIONS

[0001] The present application is related to co-pending U.S. Patent Application No.
, entitled "INSULATED GATE FIELD EFFECT TRANSISTOR HAVING
PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL", filed on ,

2002, by the present inventors and assigned to the same assignee as the present application.

This related patent application is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to semiconductor processing and semiconductor
devices. More particularly, the invention relates to a process for depinning the Fermi level of
a semiconductor at a metal-interface layer-semiconductor junction and to devices that employ

such a junction.

BACKGROUND

[0003] One of the most basic electrical junctions used in modern devices is the metal-
semiconductor junction. In these junctions, a metal (such as aluminum) is brought in contact
with a semiconductor (such as silicon). This forms a device (a diode) which can be inherently
rectifying; that is, the junction will tend to conduct current in one direction more favorably
than in the other direction. In other cases, depending on the materials used, the junction may
be ohmic in nature (i.e., the contact may have negligible resistance regardless of the direction

of current flow). Grondahl and Geiger first studied the rectifying form of these junctions in

Attorney Docket No.: 003771.P003 2 Patent Application
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1926, and by 1938 Schottky had developed a theoretical explanation for the rectification that
was observed.
[0004] Schottky’s theory explained the rectifying behavior of a metal-semiconductor contact
as depending on a barrier at the surface of contact between the metal and the semiconductor.
In this model, the height of the barrier (as measured by the potential necessary for an electron
to pass from the metal to the semiconductor) was postulated as the difference between the
work function of the metal (the work function is the energy required to free an electron at the
Fermi level of the metal, the Fermi level being the highest occupied energy state of the metal
at T = 0) and the electron affinity of the semiconductor (the electron affinity is the difference
between the energy of a free electron and the conduction band edge of the semiconductor).
Expressed mathematically:

o =Py —Xs [1]
where @y is the barrier height, @y, is the work function of the metal and ys is the electron
affinity of the semiconductor.
[0005] Not surprisingly, many attempts were made to verify this theory experimentally. If
the theory is correct, one should be able to observe direct variations in barrier heights for
metals of different work functions when put in contact with a common semiconductor. What
is observed, however, is not direct scaling, but instead only a much weaker variation of barrier
height with work function than implied by the model.
[0006] Bardeen sought to explain this difference between theoretical prediction and
experimental observation by introducing the concept that surface states of the semiconductor
play a role in determining the barrier height. Surface states are energy states (within the
bandgap between the valence and conduction bands) at the edge of the semiconductor crystal
that arise from incomplete covalent bonds, impurities, and other effects of crystal termination.
Figure 1 shows a cross-section of an un-passivated silicon surface labeled 100. The particular
silicon surface shown is an Si(100) 2x1 surface. As shown, the silicon atoms at the surface,

such as atom 110, are not fully coordinated and contain un-satisfied dangling bonds, such as

Attorney Docket No.: 003771.P003 3 Patent Application
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dangling bond 120. These dangling bonds may be responsible for surface states that trap
electrical charges.

[0007] Bardeen’s model assumes that surface states are sufficient to pin the Fermi level in the
semiconductor at a point between the valence and conduction bands. If true, the barrier height
at a metal-semiconductor junction should be independent of the metal’s work function. This
condition is rarely observed experimentally, however, and so Bardeen’s model (like
Schottky’s) is best considered as a limiting case.

[0008] For many years, the cause underlying the Fermi level pinning of the semiconductor at
a metal-semiconductor junction remained unexplained. Indeed, to this day no one explanation
satisfies all experimental observations regarding such junctions. Nevertheless, in 1984,
Tersoff proposed a model that goes a long way towards explaining the physics of such
junctions. See J. Tersoff, “Schottky Barrier Heights and the Continuum of Gap States,” Phys.
Rev. Lett. 52 (6), Feb. 6, 1984.

[0009] Tersoff’s model (which is built on work by Heine and Flores & Tejedor, and see also
Louie, Chelikowsky, and Cohen, “Ionicity and the theory of Schottky barriers,” Phys. Rev. B
15, 2154 (1977)) proposes that the Fermi level of a semiconductor at a metal-semiconductor
interface is pinned near an effective “gap center”, which is related to the bulk semiconductor
energy band structure. The pinning is due to so-called metal induced gap states (MIGS),
which are energy states in the bandgap of the semiconductor that become populated due to the
proximity of the metal. That is, the wave functions of the electrons in the metal do not
terminate abruptly at the surface of the metal, but rather decay in proportion to the distance
from that surface (i.e., extending inside the semiconductor). To maintain the sum rule on the
density of states in the semiconductor, electrons near the surface occupy energy states in the
gap derived from the valence band such that the density of states in the valence band is
reduced. To maintain charge neutrality, the highest occupied state (which defines the Fermi
level of the semiconductor) will then lie at the crossover point from states derived from the

valence band to those derived from the conduction band. This crossover occurs at the branch

Attorney Docket No.: 003771.P003 4 Patent Application
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point of the band structure. Although calculations of barrier heights based on Tersoff’s model
do not satisfy all experimentally observed barrier heights for all metal-semiconductor
junctions, there is generally good agreement for a number of such junctions.

[0010] One final source of surface effects on diode characteristics is inhomogeneity. That is,
if factors affecting the barrier height (e.g., density of surface states) vary across the plane of
the junction, the resulting properties of the junction are found not to be a linear combination of
the properties of the different regions. In summary then, a classic metal-semiconductor
junction is characterized by a Schottky barrier, the properties of which (e.g., barrier height)
depend on surface states, MIGS and inhomogeneities.

[0011] The importance of the barrier height at a metal-semiconductor interface is that it
determines the electrical properties of the junction. Thus, if one were able to control or adjust
the barrier height of a metal-semiconductor junction, one could produce electrical devices of
desired characteristics. Such barrier height tuning may become even more important as device
sizes shrink even further. Before one can tune the barrier height, however, one must depin the
Fermi level of the semiconductor. As discussed in detail below, the present inventors have
achieved this goal in a device that still permits substantial current flow between the metal and

the semiconductor.

Attorney Docket No.: 003771.P003 5 Patent Application
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SUMMARY OF THE INVENTION

[0012] The present inventors have determined that for thin interface layers disposed between
a metal and a silicon-based semiconductor (e.g., Si, SiC and SiGe), so as to form a metal —
interface layer — semiconductor junction, there exist corresponding minimum specific contact
resistances. The interface layer thickness corresponding to this minimum specific contact
resistance will vary depending upon the materials used, however, it is a thickness that allows
for depinning the Fermi level of the semiconductor while still permitting current to flow
between the metal and the semiconductor when the junction is biased (e.g., forward or reverse
biased). By depinning the Fermi level, the present inventors mean a condition wherein all, or
substantially all, dangling bonds that may otherwise be present at the semiconductor surface
have been terminated, and the effect of MIGS has been overcome, or at least reduced, by

displacing the semiconductor a sufficient distance from the metal. Minimum specific contact

resistances of less than or equal to approximately 10 Q2 — zm? or even less than or equal to
approximately 1 Q— um” may be achieved for such junctions in accordance with the present
invention.

[0013] Thus, in one embodiment, the present invention provides an electrical device in which
an interface layer is disposed between and in contact with a metal and a silicon-based
semiconductor and is configured to depin the Fermi level of the semiconductor while still
permitting current flow between the metal and the semiconductor when the electrical device is
biased. The specific contact resistance of the electrical device is less than approximately 10
Q— um® . The interface layer may include a passivating material (c.g., a nitride, oxide,
oxynitride, arsenide, hydride and/or fluoride) and sometimes also includes a separation layer.
In some cases, the interface layer may be essentially a monolayer (or several monolayers) of a
semiconductor passivating material.

{0014] In another embodiment, the interface layer is made up of a passivation layer fabricated

by heating the semiconductor in the presence of nitrogenous material, for example ammonia

i Attorney Docket No.: 003771.P003 6 Patent Application
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(NH,), nitrogen (N,) or unbound gaseous nitrogen (N) generated from a plasma process. In
such cases, the interface layer may be fabricated by heating the semiconductor while in a
vacuum chamber and exposing the semiconductor to the nitrogenous material.

{0015] A further embodiment of the present invention provides for depinning the Fermi level
of a semiconductor in an electrical junction through the use of an interface layer disposed
between a surface of the semiconductor and a conductor. The interface layer preferably (i) is
of a thickness sufficient to reduce effects of MIGS in the semiconductor, and (ii) passivates
the surface of the semiconductor. Despite the presence of the interface layer, significant
current may flow between the conductor and the semiconductor because the thickness of the
interface layer may be chosen to provide a minimum (or near minimum) specific contact
resistance for the junction. As indicated above, the interface layer may include a passivating
material such as a nitride, oxide, oxynitride, arsenide, hydride and/or fluoride.

[0016] Further embodiments of the present invention provide a junction between a
semiconductor and a conductor separated from the semiconductor by an interface layer
configured to allow a Fermi level of the conductor to (i) align with a conduction band of the
semiconductor, (ii} align with a valence band of the semiconductor, or (i) to be independent
of the Fermi level of the semiconductor. In some or all of these cases, current may flow
between the conductor and the semiconductor when the junction is biased because the
interface layer has a thickness corresponding to a minimum or near minimum specific contact
resistance for the junction. For example, specific contact resistances of less than or equal to
approximately 2500 Q— um?, 1000 Q— gm?®, 100 Q— pm®, 50 Q— um?*,10 Q— pm” or

even less than or equal to 1 Q— zm” may be achieved.

Attorney Docket No.: 003771.P003 7 Patent Application
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0017] The present invention is illustrated by way of example, and not by way of limitation,

in the figures of the accompanying drawings.

[0018] Figure 1 shows a cross-section of an un-passivated silicon surface containing surface

silicon atoms with dangling bonds.

[0019] Figure 2 illustrates various energy levels for metals and semiconductors and is

labeled to show the work function of a metal and the electron affinity of a semiconductor.

[0020] Figure 3 shows an energy band diagram for a conventional metal — n-type
semiconductor junction and also illustrates the concept of a depletion region formed in the

semiconductor when the materials are brought into contact with one another.

[0021] Figure 4 illustrates band bending at a conventional metal — n-type semiconductor

junction.

[0022] Figure 5 shows a semiconductor device containing a semiconductor material having a
surface across which electrical current flows during operation of the semiconductor device,
and containing an interface layer formed on the surface according to one embodiment of the

present invention.

[0023] Figure 6 shows an electrical junction containing an interface layer that is disposed
between a semiconductor and a conductor in accordance with one embodiment of the present

invention.

[0024] Figures 7a, 7b, 7c and 7d show relationships between Fermi energy, conduction-
band energy, and valence-band energy for an unpassivated Schottky diode, a passivated

Schottky diode in which MIGS are not removed, an unpassivated Schottky diode in which

Attorney Docket No.: 003771.P003 8 Patent Application
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MIGS are removed and a passivated Schottky diode in which MIGS are removed according to

one embodiment of the present invention, respectively.

[0025] Figure 8 shows a curve of interface layer resistance versus interface layer thickness
for an electrical junction containing an interface layer disposed between a semiconductor and

a conductor in accordance with one embodiment of the present invention.

Attorney Docket No.: 003771.P003 9 Patent Application
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DETAILED DESCRIPTION

[0026] Described herein are processes for depinning the Fermi level of a silicon-based
semiconductor (e.g., Si, SiC or SiGe) at a metal-semiconductor junction as well as devices that
use such a junction. As more fully discussed below, an interface layer is introduced between
the semiconductor and the metal. The interface layer functions to passivate the semiconductor
surface (that is, terminate dangling bonds that may otherwise be present at the semiconductor
surface so as to assure chemical stability of the surface) and to displace the semiconductor
from the metal so as to reduce the effect of MIGS.

[0027] As discussed more fully below, the present inventors have determined that for thin
interface layers disposed between a metal and a silicon-based semiconductor (e.g., Si, SiC and
SiGe), so as to form a metal — interface layer — semiconductor junction, there exist

corresponding minimum specific contact resistances. Indeed, minimum specific contact

resistances of less than or equal to approximately 10 € — gm? or even less than or equal to

approximately 1 Q— zm? may be achieved for such junctions in accordance with the present

invention. To achieve such low contact resistances, a metal that has a work function near the
conduction band of the semiconductor for n-type semiconductors, or a work function that is
near the valence band for p-type semiconductors, is selected.

[0028] The Schottky barrier in such junctions is already minimized, meaning that it is much
less than the Schottky barrier presented by a junction in which the Fermi level is pinned,
generally near the middle of the semiconductor’s bandgap. The current versus voltage (IV)
characteristic of these junctions is non-linear, generally having a slope that increases as the
voltage increases, such that the derivative of current with respect to voltage is increasing with
voltage. This results in a decreasing differential resistance (dV/dl) and a decreasing resistance
(V/D). Thus, a junction that has high resistance or high differential resistance near the origin of
the IV characteristic (zero volts) may have significantly lower resistance or lower differential

resistance at higher voltages.

Attorney Docket No.: 003771.P003 10 Patent Application
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[0029] The present invention achieves low resistance and low differential resistance near the
origin of the current-voltage characteristic for a metal — interface layer — semiconductor
junction. Generally, the voltage around the origin should be less than about 100 mV, or more
preferably less than about 10 mV for purposes of measuring, determining, or utilizing such
junctions of low resistance. At higher voltages, the junction resistance will be even lower. Itis
thus a feature of the present invention to set an upper bound on the resistance of a contact,
where the upper bound occurs at low voltages.

[0030] 1t is further noted that in junctions where the Schottky barrier is minimized as
described above, such that the Fermi level at the junction interface at zero volts lies at or near
the conduction band edge or valence band edge (for n- and p-type semiconductors,
respectively), the IV characteristic will be nearly symmetric, especially at low voltage. In this
case, the term “forward bias” is not defined in the usual sense of a diode wherein forward bias
corresponds to the direction of bias for which greater current flows. Thus, in determining or
utilizing low resistance junctions of the present invention, the voltage may be either positive
or negative.

[0031] It is also possible (in accordance with a further embodiment of the present invention)
to make junctions where the Schottky barrier is higher than it would be if the Fermi level at
the junction interface were pinned, usually around mid-gap of the semiconductor. Such
junctions are formed in the present invention between a metal with a workfunction near or
substantially equal to the conduction band edge of a p-type semiconductor, or between a metal
with a workfunction near or substantially equal to the valence band edge of an n-type
semiconductor. These junctions are diodes, in that little current will flow if the n-type (p-type)
semiconductor is biased positive (negative) with respect to the metal, and large currents will
flow if the voltage is reversed. The low-current flow state is referred to as reverse bias, and the
high-current flow state is referred to as positive bias.

[0032] Low resistance in the case of a diode is only relevant in forward bias conditions. In

junctions created in accordance with the present invention the resistance contribution of the
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interface layer is smaller than the resistance due to the Schottky barrier. That is, in forward
bias conditions for junctions created in accordance with the present invention, the transport of
charge is limited mainly by the thermal emission of carriers from the semiconductor over the
barrier at the interface, and not by the tunneling through the interface dielectric. Thus, low
resistance in the case of a diode refers to a resistance lower than the resistance presented by
the Schottky barrier.

[0033] In certain applications of diodes, the ability to withstand high reverse biases may be
more desirable than high current flow in forward bias. These applications would be considered
high voltage/low power applications. In such cases, a low resistance is not essential, and
junctions created in accordance with still another embodiment of the present invention provide
high-voltage diodes capable of withstanding voltages higher than could otherwise be achieved
if the Fermi level of the semiconductor in the junction were pinned.

[06034] The present invention is discussed below in terms of presently preferred embodiments
thereof, however, this discussion is not meant to limit the scope of the invention. By studying
the present disclosure, others of ordinary skill in the art may recognize equivalent procedures,
materials or structures that can be substituted for those described herein to achieve the same
effect. The reader is advised and reminded that the use of such equivalents is deemed to be
within the scope of the present invention. For example, where the discussion refers to well-
known structures and devices, block diagrams are used, in part to demonstrate the broad

applicability of the present invention to a wide range of such structures and devices.

1. Introduction and Definitions

[0035] The present discussion makes use of terms that, although well known in the art, may

not be familiar to all readers. Therefore, before beginning a detailed discussion of the present
invention, it is helpful to define certain terms and concepts. To understand the properties of
metal-semiconductor junctions and the impact of the present invention, one must refer to some -

important energy scales, which are shown graphically in Figure 2. The so-called vacuum
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level (Ey) represents the minimum energy that an electron needs to possess in order to
completely free itself from a metal or semiconductor. For a metal, the Fermi level (Eg)
represents the highest occupied energy level for the material. That is, nearly all energy states
below the Fermi level are filled, while nearly all states above the Fermi level are empty. The
work function of the metal (@) is then defined as the energy required to free an electron at
the Fermi level and mathematically it is the difference between the vacuum level and the
Fermi level. The work function is an invariant bulk property of the metal.

[0036] As illustrated in the diagram, semiconductors also have a Fermi level (Ef) and a work
function (®s), however, thq work function is not an invariant property of the semiconductor.
Because the Fermi level varies depending on the doping level in the semiconductor (i.e., the
relative amounts of impurities introduced into the semiconductor crystal which change the
electron and hole carrier concentrations), a separate parameter, the electron affinity (xs), is
defined. The electron affinity is an invariant property of the semiconductor and is the
difference between the vacuum level and the conduction band edge of the semiconductor. Ina
semiconductor, almost all energy states are filled in the valence band (Ev) while the
conduction band (E¢) is almost empty.

[0037] Now consider a conventional junction between a metal and an zn-type semiconductor
that has a work function smaller than the work function of the metal (i.e., @5 < ®y). An n-
type semiconductor is one in which electrons are the majority charge carriers (in p-type
semiconductors, holes are the majority charge carrier). As shown in Figure 3, because the
Fermi level in the semiconductor is higher than the Fermi level in the metal, electrons transfer
from the semiconductor 310 to the metal 320 when the materials are brought into contact.
Thus, a depletion region (i.€., a region in which there are no free charge carriers) 330 forms
near the junction interface 340.

[0038] The formation of the depletion region gives rise to an electric field and so-called
“band bending”, as one approaches the junction interface from the semiconductor side (see

Figure 4). The band bending creates an energy barrier (discussed above) that blocks further
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transfer of electrons into or out of the semiconductor. Similar barriers are formed for a
junction between a metal and a p-type semiconductor when the work function of the metal is
less than the work function of the semiconductor. However, in the case of a metal- n-type
semiconductor junction in which the work function of the semiconductor is greater than that of
the metal or a metal-p-type semiconductor junction in which the work function of the
semiconductor is less than that of the metal, no such energy barriers are created and the
contact is said to be ohmic in nature.

[0039] As discussed above, although Schottky first postulated that the height of the energy
barrier (@) formed at a metal-semiconductor junction was simply the difference between the
work function of the metal and the electron affinity of the semiconductor, experiments have
not verified this relationship. Instead a more complex explanation that takes into account the
effects of surface defect states, inhomogeneities and MIGS appears to provide more accurate
estimates of barrier heights by explaining the pinning of the Fermi level in the semiconductor.
The present inventors have created a technique which is believed to depin the Fermi level of a
Si-based semiconductor at a junction with a metal (and thus allow for control or tuning of the
barrier height) by both passivating the semiconductor surface (to eliminate or at least reduce
the effects of surface states and possibly inhomogeneities) and displacing the metal from the
semiconductor (to eliminate or at least reduce the effects of MIGS). This depinning is
achieved by introducing an interface layer between the semiconductor and the metal to create
a semiconductor -- interface layer -- metal junction, which still permits significant current to
flow between the metal and the semiconductor when the junction is forward biased.

[0040] This latter point is important. As discussed further below, for contacts where the
energy bands of the semiconductor and the conductor align (i.e., where the Fermi level of the
conductor aligns with the conduction or valence band of the semiconductor depending on
semiconductor type and/or contact application), if the interface layer is too thin, the specific
contact resistance of the junction increases because of the presence of MIGS, resulting in an

increased barrier height; thus, current flow is hampered. Conversely, if the interface layer is
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too thick, the specific contact resistance is again increased and one gets low current across the
junction because of tunneling limitations. The present invention achieves an interface layer
that is thick enough to reduce or eliminate the effect of MIGS, while still thin enough to

permit significant current flow.

I1. Passivation of Semiconductor Surfaces

[0041] A common processing operation performed during semiconductor device fabrication
is silicon surface passivation. Surface passivation (whether by an oxide or another material)
chemically neutralizes and physically protects the underlying silicon. For example, exposing
a silicon surface to oxygen (under the appropriate conditions to grow a protective film of
silicon dioxide) will allow the oxygen to react with the dangling bonds of the silicon surface to
form covalent bonds that satisfy the surface silicon atoms’ valency and render the surface fully
coordinated. These covalent bonds provide chemical stability to the silicon surface. The
covalent bonds also tie up unbound charges that exist on the silicon surface as a result of the
discontinuation of the semiconductor crystal at the surface.

[0042] However, passivation with silicon dioxide has several significant disadvantages. For
example, silicon dioxide is a dielectric insulator that poses a significant barrier to the flow of
current. Accordingly, a layer of silicon dioxide deposited or grown on a silicon surface may
significantly reduce the ability for electrical current to flow through that surface. As a result,
the use of silicon dioxide has been limited in practicality to surfaces external to the active
region of semiconductor devices through which current passes during device operation (e.g.,
as a gate oxide layer). This disadvantage is compounded by the fact that the silicon dioxide
grows very rapidly and readily on the silicon surface so that it is difficult to limit the growth to
a thin layer. Silicon dioxide is also a poor diffusion barrier to semiconductor dopants such as
boron.

[0043] Instead of making use of silicon dioxide then, in one embodiment the present

inventors utilize a nitrided semiconductor surface to provide chemical passivation. That is, a
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nitride layer is introduced to passivate the semiconductor surface by eliminating or at least
reducing the effects of surface states and possibly inhomogeneities. The nitride layer also
displaces the metal from the semiconductor and eliminates or at least reduces the effects of
MIGS. The result of introducing the nitride layer as an interface between the semiconductor
and the metal is a depinning of the Fermi level of the semiconductor. When the Fermi level of
the semiconductor is depinned, the Fermi level of the metal at the interface will be that of the
bulk metal, and will not be dependent upon the interface. In addition to the above, the present
inventors propose techniques for providing non-insulating, passivated semiconductor surfaces
using materials other than nitrogen; for example, oxides, hydrides, arsenides and/or fluorides.
[0044] These developments have wide applicability in connection with the fabrication of
Schottky diodes, Schottky-barrier transistors and other electrical components. For example, in
Schottky diodes, the ability to control the energy barrier height at the diode junction is
important if the device is to be tailored to specific applications. Use of the present techniques
allows for tuning of the barrier height. Further, for other three-terminal devices with
Schottky-barrier-isolated channels, control of device characteristics is made possible through
the present invention by allowing n- and p-type devices to be fabricated without dopants,
relying instead on the use of metals with different work functions.

[0045] Figure 5 shows a semiconductor device 510 that contains a semiconductor 530 and an
interface layer 520 formed on a surface 540 of the semiconductor in accordance with the
present invention. The terms semiconductor device, microelectronic device, monolithic
device, chip, and integrated circuit are often used interchangeably in this field. Any or all
such devices may each contain an interface layer formed on a semiconductor surface in
accordance with the present invention.

[0046] The semiconductor 530 contains a semiconductor material. The term semiconductor
material refers to a material having a bandgap that is greater than about 0.1 eV and less than
about 4 eV. The term bandgap refers to an energy gap of forbidden energy levels separating

the conduction band, which is an upper energy band that is mostly devoid of electrons and
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wherein electrons can conduct, and the valence band, which is an energy band that is mostly
filled with electrons and wherein electrons cannot conduct. The semiconductor material may
have a wide range of doping levels including no doping at all.

[0047] The semiconductor 530 has a surface 540 that is passivated by the interface layer 520.
In this context (and as used elsewhere herein) the term passivation means the elimination or at
least the reduction of the effects of surface states due to defects or dangling bonds of the
semiconductor surface 540. Note that passivation does not, as a practical matter, require that
all surface states be eliminated. Rather, it is the effect of surface states on the device
properties that is limited or eliminated in passivation. Note further that the presence of MIGS
may be regarded as a surface state, however, as used herein the term passivation is not meant
to infer the elimination of MIGS (though in some cases, a passivation layer may have
sufficient thickness to provide a separation layer between the semiconductor and the metal
sufficient to reduce or eliminate MIGS). The semiconductor 530 is operable to be electrically
coupled with a first voltage associated with the semiconductor device 510 and to conduct
electrical current 550 across the passivated surface 540.

[0048] The interface layer 520 is formed on the semiconductor 530 and may contain a
passivation material that bonds to the semiconductor material by way of a covalent {or other)
bond formed between the passivation material and the semiconductor material. For example,
an atom of passivation material may covalently bond with a dangling bond of a surface silicon
atom to fully coordinate the silicon atom and thereby help passivate the silicon atom. In some
cases, the passivation material may be the sole component of the interface layer 520, while in
other cases the interface layer 520 may be a compound layer that includes both a passivation
layer and a separation layer. That is, the interface layer serves to (i) chemically passivate the
semiconductor surface 540, and (ii) displace the semiconductor from the metal sufficiently to
eliminate or at least reduce the effect of MIGS. As explained below, this may necessitate
including a separation layer in addition to a passivation layer within the interface layer,

depending on the passivation material selected. Of course, the combination of the passivation
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layer and the separation layer must be sufficiently thin to permit the low specific contact
resistances described herein.

[0049] Different passivation materials are contemplated. According to one embodiment, the
interface layer 520 is formed using a material that is preferably selected from the group
consisting of hydrogen (H), oxygen (O), nitrogen (N), arsenic (As), and fluorine (F) (that is,
the interface layer 520 may include a nitride, an oxide, a hydride, an arsenide and/or a
fluoride). Other materials having chemical characteristics or valences similar to these
materials may also be used. Note that distinct separation layers (i.e., in addition to the
passivation layer(s)) may be needed where H, As, or F passivation layers are used, as these
tend to form monolayer coverage, rather than a layer of a compound with Si of process-
dependent thickness. In contrast, passivation layers made using N and/or O may not require
distinct separation layers, as these elements may form a layer of a compound of Si with a
thickness that can be varied depending on processing.

[0050] Different amounts of passivation material are contemplated to be useful for different
embodiments of the present invention. Often, the interface layer 520 includes or is made up of
a passivation layer with a thickness of between approximately 0.1 nm and about 5 nm. For
example, depending upon the particular implementation, the thickness may be less than about
1 nm, less than about 0.5 nm, less than about 0.2 nm, may be the thickness corresponding to a
single layer or monolayer of passivation material that is bonded to the semiconductor surface,
or may even be the number of atoms of passivation material required to passivate substantially
all the dangling bonds associated with the semiconductor surface 540.

[0051] In some cases, passivation of the semiconductor surface 540 will include removing (or
terminating) dangling bonds located proximate to the surface of the semiconductor material,
including those at the surface as well as those within a few molecular dimensions from the
surface. This process may stabilize the surface of the semiconductor material and may
improve the controllability of subsequent fabrication operations. Passivation may also reduce

the density of surface states that may exist at the semiconductor surface as a result of the
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discontinuation of the semiconductor crystal at the surface. This may improve consistency
and performance of the semiconductor device, inasmuch as such states are known to interfere
with proper device operation. For example, they may provide surface charge states that result

in a pinning of the Fermi level.

III. Forming Interface Layers

[0052] Exemplary methods for forming interface layers to provide (i) passivation of
semiconductor surfaces, and (ii) displacement of the semiconductor from the metal to
eliminate or at least reduce of the effects of MIGS within the semiconductor when in the
presence of the metal (collectively referred to herein as depinning the Fermi level of the
semiconductor) with hydrogen, fluorine or nitrogen are presented below to further illustrate
the concepts of the present invention. Other passivation materials may include arsenic,
oxygen or an oxynitride, and in some cases such passivation layers are combined with

separation layers (e.g., made of an oxide) to complete the interface layer.

A. Hydrogen And Fluorine

[0053] An interface layer may contain hydrogen, fluorine, or both hydrogen and fluorine
(e.g., in the form of a hydride and/or a fluoride). One method for forming an interface layer
on a semiconductor surface with hydrogen and fluorine includes cleaning the semiconductor
substrate with a cleaning solution, immersing the cleaned substrate in a hydrogen fluoride
solution (or other liquid containing hydrogen and fluorine ions) having an effective
concentration typically between about 1%-50% by weight, waiting an effective period of time,
typically between about several seconds and about 5 minutes, removing the substrate from the
hydrogen fluoride solution, optionally rinsing the substrate in deionized water, and blow-
drying the substrate with nitrogen. Such a method may form an interface layer containing

hydrogen and fluorine that are bonded (e.g., covalently) to the semiconductor surface.
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[0054] It should be noted that long rinses in deionized water, generally longer than about 30
seconds, might remove the hydrogen passivation. Thus, deionized water rinses might
advantageously be kept to less than about 30 seconds to maintain the hydrogen passivation of
the surface. Also, the higher the concentration of the hydrogen fluoride during the immersion,
the greater the concentration of fluorine passivation. Finally, methods are also contemplated
where the ratio of hydrogen to fluorine passivation is altered by removing either the hydrogen
or the fluorine.

[0055] An interface layer formed in this fashion may be best suited for applications where a
subsequent metal layer is deposited over the interface layer in a generally non-invasive
fashion, for example using a thermally evaporated source. Experiments by the present
inventors to date suggest that using other approaches (e.g., plasma deposition) may cause
damage to the thin (e.g., monolayer thick) interface layer contemplated as part of the present

invention.

B. Nitrogen

{0056] In a further embodiment, an interface layer may contain nitrogen (e.g., in the form of
silicon nitride). One method for forming an interface over a semiconductor surface with
nitrogen includes heating a substrate containing the semiconductor surface in the presence of a
nitrogenous material (that is, a gas or other material containing nitrogen). For example, a
substrate containing an exposed silicon surface may be annealed at a temperature between
about 300°C and about 750°C, which is lower than temperatures conventionally used for
Rapid Thermal Nitridation (RTN), under a gaseous ambient having, for example, ammonia
(NH;) at some effective partial pressure. By exposed, we mean a clean surface, free of
everything except silicon. Such a method may form an interface layer containing nitrogen,
often in the form of a nitride, bonded to the semiconductor surface. Note that the present
inventors have observed indications suggesting that in these low temperature conditions

interface layer growth is self-limiting, depending only on temperature.
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[0057] According to another embodiment, an interface layer that includes nitrogen may be
formed on an exposed surface of a semiconductor material by a method that includes heating a
semiconductor material to a substantially high temperature under vacuum and exposing the
semiconductor material to a substantially small amount of a nitrogenous material, such as
ammonia. The method may include placing a semiconductor having an exposed
semiconductor surface in a heating chamber, pulling a vacuum of less than about one millionth
of a Torr, or more favorably an ultra high vacuum of less than 10® Torr, and then heating the
semiconductor in the heating chamber to a substantially high temperature. The higher the
vacuum, the longer the substrate may be heated without growth of an oxide from residual
oxygen or water in the chamber. Thus, the process may include heating the semiconductor to
a temperature that is between about 900°C and about 1000°C, or higher, in an inert ambient.
As desired, the semiconductor may be exposed to hydrogen gas, or an equivalent, to reduce
any native oxide on the semiconductor. These high temperatures may provide for greater
passivation of the semiconductor surface as compared with results that may be achieved at
lower temperatures.

[0058] Then, the heated semiconductor may be exposed to a substantially small amount of a
nitrogenous material, such as ammonia. This may include exposing the semiconductor surface
to ammonia for a substantially short period of time. For example, the surface may be
subjected to a burst or pulse of ammonia lasting for a time period between about 0.5 seconds
and about 5 seconds. Alternatively, the surface may be exposed to a controlled, small amount
of ammonia over an arbitrarily longer period of time. In this way, the substantially small
amount of ammonia will react with the surface to form a nitrogenous interface layer, such as a
nitride layer, thereon and then further growth of the interface layer will cease. Then the
semiconductor may be cooled from the substantially high temperature to ambient temperature
and removed from the heating chamber. Further annealing of the substrate and the grown
nitride layer may also be performed in the vacuum chamber before removal, at a substantially

elevated temperature between about 700°C and 1000°C, or higher.
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[0059] Advantageously, it has been unexpectedly observed that a process such as that
described above and incorporating substantially high temperature exposure for substantially
short periods may be used to controllably form thin yet effective interface layers. That is, the
present inventors have observed that in the creation of thin interface layers that include
nitrogenous materials, temperature appears to be a dominant factor in controlling thickness.
For example, by such methods effective interface layers may be formed having a thickness
that is less than about 1 nm, less than about 0.5 nm, less than about 0.2 nm, or having a
thickness that corresponds to essentially a single monolayer sufficient to passivate essentially
all dangling bonds proximate the semiconductor surface.

[0060] Further, thin interface layers may be advantageously grown on a semiconductor in the
presence of nitrogen gas, or other inert nitrogen—contair;ing gas. The reaction rate of a
semiconductor such as silicon with nitrogen gas is significantly lower than that of a reactive
nitrogen-containing gas such as ammonia. The slow growth rate may be desirable for better
control of the growth of films of nitrogen on a semiconductor of a thickness of less than about
1 nm, less than about 0.5 nm, less than about 0.2 nm, or having a thickness that corresponds to
essentially a single monolayer sufficient to passivate essentially all dangling bonds proximate

the silicon surface.

IV. Diodes Containing Passivated Semiconductor Surfaces

[0061] Diodes made from Schottky barriers (i.e., asymmetric electrical potentials formed at a
junction between a metal and a semiconductor) are widely used in rectifiers in power supply
and control applications. As used herein, the terms Schottky diode, metal-semiconductor
junction diode, diode, and rectifier are all related and appear in order from more specific at the
left to more general at the right. Likewise, the terms Schottky barrier, metal-semiconductor

barrier, conductor-semiconductor junction, and multi-material junction are all related and
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appear in order from more specific at the left to more general at the right. The term Schottky
diode will be used to refer to a diode containing a Schottky barrier.

[0062] As mentioned above, the present inventors have devised a scheme to control or adjust
a Schottky barrier height by forming an interface layer (which includes or sometimes consists
of a passivation layer that includes an oxide, oxynitride, nitride, arsenide, hydride, fluoride, or
an equivalent) between a metal and a semiconductor. This scheme differs from past attempts
by others to control barrier height, which attempts generally involved either using a silicide as
a contact metal (and thus limiting the choices of available contact metals to those that can
form silicides), or using esoteric substrates that exhibit wide bandgaps. Further, in previous
devices the Fermi level of the semiconductor remains pinned, with the barrier height being
virtually independent of the metal used. Finally, doping of substrates has also been attempted,
however, it has not been shown to truly affect the barrier height of the substrate material. For
example, PtSi contacts have reduced resistance due to high silicon doping such that the current
across the junction is dominated by tunneling through the barrier. Doping may thus lead to
cases where the top of the barrier may be so thin as to be essentially transparent to electrons,
however, doping does not appear to allow actual tuning of the barrier height.

[0063] Figure 6 shows an example of a diode 600 containing, according to one embodiment
of the present invention, an interface layer 620 disposed between and attached to both a
semiconductor 610 and a conductor 630. The conductor and the semiconductor are operable
to be electrically coupled with different voltages associated with the operation of the diode
600 and to pass electrical current through a passivated semiconductor surface formed at the
junction between the semiconductor 610 and the interface layer 620.

[0064] The conductor 630 contains a conductive material such as a metal or an alloy of a
metal. The terms metal, conductive material, and conductor are all related and appear in order
from specific at the left to general at the right. In general, the terms refer to a highly
clectrically conductive substance that has a Fermi energy level that sits in a partially filled

band. Unless otherwise specified, conductors include metals (e.g., pure metals and alloys),
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and other conductors such as doped polysilicon (a nonporous silicon containing randomly
oriented crystallites), doped single crystal silicon, and metal silicides. Note that alloys may
have workfunctions different than their constituents and may be designed to have specific
workfunctions though selective use of ratios of the constituent metals.

[0065] Often, the conductor is a metal since metals may offer advantages over conductive
semiconductors including lower resistance, higher carrier mobilities that provide superior high
frequency performance and switching, favorable low power characteristics, and ease of
manufacturing control. Use of metals may also avoid the need to perform semiconductor
doping, which may simplify manufacturing and improve quality control.

[0066] Metals that are contemplated include pure metals, alloys, refractory metals, metals
that do not form silicides, metals physically deposited by substantially non-invasive processes
such as by condensation of a thermally evaporated metal vapor, and metals having a
predetermined work function. The use of non-invasively deposited metals may allow for
forming the metal on a thin interface layer without disrupting the passivation properties of the
layer.

[0067] A metal having a predetermined work function may be a metal having a work function
smaller or greater than that of the semiconductor, depending on the desired application. Often,
the semiconductor will be silicon. In this case by the work function of a semiconductor or
silicon we mean the energy in the middle of the semiconductor bandgap. Exemplary metals
that have a work function smaller than silicon include Group 3A elements, aluminum (Al),
indium (In), titanium (T1), chromium (Cr), tantalum (Ta), cesium (Cs), magnesium (Mg),
erbium (Er), ytterbium (Yb), manganese (Mn), lead (Pb), silver (Ag), ytirium (Y), and zinc
(Zn). Exemplary metals that have a work function greater than silicon include platinum (Pt),
gold (Au), tungsten (W), nickel (Ni), molybdenum (Mo), copper (Cu), cobalt (Co), and
palladium (Pd). )

[0068] The semiconductor-interface layer-conductor configuration illustrated in Figure 6

defines what the present inventors have chosen to call a “passivated Schottky barrier”. The

Attorney Docket No.: 003771.P003 24 Patent Application

GF Exhibit 1002 - 28/273



passivated Schottky barrier is a naturally formed electrical potential barrier to an electron or
hole at the Fermi energy (the electrochemical potential) in the conductor due to a depletion
region formed in the semiconductor adjacent the conductor. The passivated Schottky barrier
may deviate in barrier height from a standard un-passivated Schottky barrier that would form
naturally at a contact junction between the semiconductor and the conductor without the
interface layer disposed therebetween. That is, the passivated Schottky barrier may have a
barrier height that depends predominantly upon the bulk characteristics of the semiconductor
and the conductor, rather than on surface properties, and may depend in part on the
characteristics of the interface layer.
[0069] Indeed, the present inventors have determined that changes in barrier height are
approximately monotonic and continuous for variations in surface passivation thickness by
nitridation of the semiconductor substrate. More specifically, experiments by the present
inventors in a regime where the nitride layer is sufficiently thick to remove MIGS show that
temperature of interface layer formation has the strongest effect on barrier height. In other
regimes, thickness may be critical. Ideally, if all surface states are removed, barrier height

. should be controllable simply by the choice of metal used.
[0070] To understand why thickness of the interface layer is important, refer briefly to
Figure 8 where a graph of interface-specific contact resistance versus interface thickness is
shown. The graph is for a structure where the workfunction of the metal is the same as the
electron affinity in the semiconductor, such that the Fermi level of the metal lines up with the
conduction band of the semiconductor. At large thicknesses, the interface layer poses
significant resistance to current. As thickness decreases, resistance falls due to increased
tunneling current. However, there comes a point where even as the interface layer continues to
get thinner, resistance increases. This is due to the effect of MIGS, which increasingly pull
the Fermi level of the metal down towards mid-gap of the semiconductor, creating a Schottky
barrier. The present inventors have discovered that this competition results in an optimum

thickness, as shown in the illustration, where the resistance is a minimum. At this thickness
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the effect of MIGS has been sufficiently reduced to depin the metal and lower the Schottky
barrier, and the layer is still sufficiently thin to allow significant current flow across the
interface layer. Contact resistances of less than or equal to approximately 2500 Q-pm?*, 1000
Q-pm?, 100 Q-pm?, 50 Q-pm’, 10 Q-pm?’ or even less than or equal to 1 Q-pum* may be
achieved.

[0071] Characteristics that may be adjusted to provide a desired barrier height thus include
the passivation material used (e.g., selection based on bandgap), the interface layer thickness
(e.g., especially where the interface layer is a compound layer formed of a passivation layer
and a separation layer), the method of forming the interface layer (e.g., control of parameters
such as temperature), the interface layer thickness that is substantially similar to a penetration
depth of MIGS formed at a metal interface, the metal used for the source and/or drain, and
other characteristics.

[0072] One advantage of the ability to adjust the Schottky barrier height with the introduction
of interface layer 620 is the ability to form a substantially high barrier height. For example, an
interface layer may be used to create a Schottky barrier having a barrier height that is greater
than can be achieved through the use of metal silicides, greater than about 2.0 eV, or greater
than about 2.5 eV (using a semiconductor with a bandgap at least this large), or nearly 1.0 V
using silicon. Such high barrier heights imply the ability to withstand high voltages before
breakdown occurs. Thus, Schottky barriers having such high barrier heights may be
particularly useful in high-voltage Schottky diodes.

[0073] Another advantage achieved through the use of the interface layer 620 is greater
flexibility afforded in selecting a conductor 630. Typically, metals chosen for application in
classic Schottky diodes are those that can form a silicide with a silicon semiconductor. The
formation of the silicide helps to reduce surface states (resulting from dangling bonds), but not
the effects of MIGS. Thus, the Fermi level at the semiconductor surface is still pinned. Using

metals that form silicides upon contact with silicon may thus help to make the devices more
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reproducible in a manufacturing environment, but such devices still suffer from the drawback
of having a barrier height that is fixed.

[0074] According to one embodiment of the present invention, however, one may select a
conductor that is not able (or not readily able) to form a silicide with the semiconductor. The
metal silicide is not needed because the interface layer provided in accordance with the
present invention passivates the semiconductor surface and also reduces or eliminates the
effect of MIGS. This may allow for selection of a metal that has properties such as a desirable
work function or Fermi level energy, even though that metal may not form a metal silicide.
[0075] For example, to make large-barrier diodes, for an n-type doped silicon semiconductor,
a metal may be selected that has a work function that is either substantially equal to the
valence band energy of the semiconductor or that is within about 0.1 eV to about 0.3 ¢V of the
valence band energy of the semiconductor. Similarly, for a p-type doped silicon
semiconductor, a metal may be selected that has a work function substantially equal to the
conduction band energy of the semiconductor. For Schottky diodes configured in accordance
with the present invention, the Fermi level of the metal may lie anywhere in the bandgap of
the semiconductor when an interface layer is disposed within the junction, resulting in diodes
of various barrier heights. The Fermi level of the metal may also lie in the conduction or
valence band of the semiconductor.

[0076] The use of interface layer 620 thus provides a way to tune, adjust, or control the
height of the barrier between the conductor and the semiconductor. Without the interface
layer 620, the barrier height would be substantially un-tunable, un-adjustable, and fixed (as
discussed above).

[0077] The role played by interface layer 620 in tuning, adjusting, or controlling the height of
the barrier between the conductor 630 and the semiconductor 610 may be understood as a
depinning of the Fermi level of the semiconductor. That is, the interface layer may reduce
surface states by bonding to the semiconductor material to consume dangling bonds.

Additionally, the interface layer may reduce the formation of MIGS in the semiconductor by
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providing a thickness and bandgap that prevent the electron wave function (of the metal) from
penetrating into the semiconductor. The electron wave function may instead penetrate into the
interface layer and form MIGS within the interface layer at an energy related to the states of
the interface layer material. As desired, the density of the MIGS and the depth of MIGS
penetration into the interface layer may be reduced by choosing an interface layer material or
materials having a larger bandgap or higher effective mass than the semiconductor.

[0078] According to one embodiment of the present invention then, the interface layer 620 is
incorporated into a device operable to pass current through the semiconductor surface and the
interface layer during device operation. In such an embodiment, it may be desirable to use an
interface layer having a thickness of 2 monolayer, or, for example between about 0.1 nm and
about 0.3 nm, and also having a wide bandgap (as compared to that of the semiconductor) so
that the interface layer both de-pins the Fermi level (so that the barrier height depends
predominantly on bulk properties of the junction materials) and allows sufficient current
transfer across it. Advantageously, such interface layers may be sufficiently thin to provide
low impedance to current flow (due to the exponential dependence of direct tunneling on
barrier thickness), which is desirable for many semiconductor devices, while also providing
sufficient semiconductor surface passivation to allow an adjustable barrier height. That is, the
interface layer may allow passivation of surface states and reduction (or elimination ) of
MIGS in the semiconductor to allow for an adjustable barrier height with a substantially thin
layer that allows sufficient current to be transferred across the interface layer.

[0079] There are several methods by which the barrier height can be made adjustable. For
example, adjustment may be made by tuning the degree of Fermi level pinning. In other
words, some embodiments may allow for a sufficiently thin interface layer so that not all of
the effects of MIGS in the Si are eliminated. Further, the pinning may be varied by
combinations of thickness of the interface layer and the choice of interface material. The metal
in contact with the interface layer may be pinned by MIGS at different levels in different

materials. Conversely, or in addition, the passivation may be left incomplete to allow for an
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effective level of unpassivated states. Complete depinning of the Fermi level (that is removal
of all surface states in Si including MIGS) is another option, in which case one could tune the
barrier height simply by choosing a pure metal or an alloy that possesses the desired
workfunction. In that case, the barrier height is determined by Equation (1), which until now
has been an unrealizable idealization. Note that the type of tuning being discussed here is
adjustment of the barrier height by altering the structure of the junction at the time of
manufacture, not by varying an externally applied condition during junction operation.

[0080] Figure 7a — 7d show relationships between Fermi energy, conduction band energy,
and valence band energy for various Schottky barriers containing a metal in contact with {or in
close proximity to) a semiconductor, where the bandgap (E,) of the semiconductor exists
between the conduction band (E,) and the valence band (E,). In this example, the work
function of the metal @y, is chosen to be approximately equal to the electron affinity xg of the
semiconductor. In Figure 7a, an unpassivated Schottky barrier 700 is shown. In this
example, the Fermi level (Er) of the metal 730 is pinned in the bandgap of the semiconductor
710. This results in a discontinuity in the vacuum level caused by a charged dipole at the
interface.

[0081] In Figure 7b, the interface layer 7200 is thick enough to passivate dangling bonds at
the surface of the semiconductor 710, but not thick enough to eliminate or sufficiently reduce
the effect of MIGS. As a result, the band structure is largely unaltered from that seen in the
previous illustration. Similarly, in Figure 7¢, when the interface layer 720c¢ is sufficiently
thick to eliminate or reduce the effect of MIGS but not to passivate the semiconductor surface,
little change in the energy band structure is observed. However, as shown in Figure 7d, when
the interface layer 720d is sufficient to both eliminate or reduce the effect of MIGS and to
passivate the semiconductor surface, we see the Fermi level of the metal aligning with the
conduction band of the semiconductor (i.c., the Fermi level of the semiconductor has been
depinned and no longer lines up with the Fermi level of the metal). The vacuum level is now

continuous as there is no charged dipole at the interface. Thus, the band structure of a device
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constructed in this fashion is a result of only bulk material properties, not properties of the
surface. By way of example, the materials in such cases may be Al and Si, with a work
function for Al of approximately @y = 4.1 eV and the electron affinity for Si of

approximately ys = 4.05 eV.

V. Transistors Containing Passivated Semiconductor Surfaces

[0082] The interface layers described herein may be used in connection with a semiconductor
surface of a channel in a field effect transistor. That is, an interface layer may be disposed
between a source and a channel, a channel and a drain, or both of an insulated gate field effect
transistor. Such use of an interface layer is described in detail in co-pending U.S. Patent

Application No.: entitied “INSULATED GATE FIELD EFFECT

TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL”,
filed , 2002 by the present inventors, and assigned to the assignee of the present
invention.

[0083] The source and drain contacts at the channel of a field effect transistor are examples of
a broader category of metal-interface layer-semiconductor contacts that make up the present
invention. In the past, such contacts generally comprised a silicide-n’-Si junction, which
formed a somewhat “leaky” Schottky diode, with a Fermi level of the semiconductor pinned at
the midgap. In contrast, the present invention provides a contact wherein the Fermi level of
the metal is aligned with the conduction band of the semiconductor (e.g., as shown in Figure
7d). Note that in other ;:ases, depending on the type of semiconductor material and conductors
used, the Fermi level of the metal may align with the valence band of the semiconductor.
[0084] Although both types of junctions (i.e., the new passivated Schottky barrier junction
and the conventional silicide-semiconductor junction) permit tunneling currents, the present
junction can be fabricated with a much thinner interface layer as compared to the thickness of
the silicide layer used previously. Indeed, thickness of an order of magnitude less than the

silicide thickness can be expected. In a conventional silicide — semiconductor junction a
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Schottky barrier is formed which is comprised of a depletion layer. The tunnel barrier
presented by such a depletion layer may be an order of magnitude thicker than the dielectric
tunnel barrier in the present invention. The thinner interface layers provided by the present
invention permit higher current across the junction (i.e., lower junction specific contact
resistance).

[0085] Two other properties of the dielectric deserve mention. First is the property of the
height of the barrier compared to the semiconductor conduction band (for electrons). In
making the barrier thinner than a silicide barrier, the tradeoff may be a higher tunnel barrier
(e.g., 2 eV for nitride, compared with about half the gap of 0.6 ¢V for silicide). Spacer layers
may be used with lower barriers (e.g., TiO, has a barrier of less than 1 eV). Nevertheless, even
with the higher barrier to electrons, the present inventors have determined that the resistance
can still be one hundred times lower than a contact to silicon with a silicide barrier.

[0086] The second property is the effective mass of electrons in the dielectric. Larger mass
electrons will not penetrate as far (i.e., because of their shorter wavelength) from the metal
into the semiconductor. The less the electrons penetrate into the dielectric, the less the effect
of MIGS in the dielectric. Thus, MIGS in the dielectric are reduced with larger bandgap and
larger effective mass.

[0087] In addition the junction of the present invention can be used in making contacts to
source or drain implanted wells and will have the advantage of reducing the need for high
doping levels (which are now reaching their limits of solid solubility). The high doping
profiles were required in the past in order to keep the junction depletion layer relatively thin,
so as to increase the tunneling current, thus reducing the junction resistance. However, it is
becoming increasingly difficult to increase doping profiles in order to provide low resistance
junctions. It may be possible to reach the same level of resistance with a lower doping
concentration using the present invention. It may further be possible to achieve much lower
resistance even with lower doping concentration. When the present invention is used with high

doping levels, the resistance will be further reduced.
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[0088] Thus, methods and applications for semiconductor-interface layer-metal junctions
have been described. Although described with reference to specific embodiments it should be
remembered that various modifications and changes may be made to the techniques described
herein without departing from the broader spirit and scope of the invention. The specification
and drawings are accordingly to be regarded in an illustrative rather than a restrictive sense

and the invention measured only in terms of the claims, which follow.
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CLAIMS

What is claimed is:

1. An electrical device, comprising:
a metal;
a silicon-based semiconductor having a Fermi level; and
an interface layer disposed between and in contact with both the metal and the
semiconductor and configured to depin the Fermi level of the semiconductor,

wherein the electrical device has a specific contact resistance of less than or

equal to approximately 1000 Q — um” .

2. The electrical device of claim 1 wherein the interface layer includes a passivating
material.
3. The electrical device of claim 2 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

4. The electrical device of claim 3 wherein the interface layer consists essentially of a

monolayer configured to depin the Fermi level of the semiconductor.

5. The electrical device of claim 2 wherein the interface layer further includes a

separation layer.

6. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 100 Q— um’ .
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7. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 50 Q-pum’.

8. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 10 Q-pum’.

9. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q-pm’.

10. The electrical device of claim 1 wherein the interface layer comprises a passivation

layer fabricated by heating the semiconductor in the presence of nitrogenous material.

11. The electrical device of claim 10 wherein the nitrogenous material comprises at least

one of ammonia (NH3), nitrogen (N7) or unbound nitrogen (N).

12. An electrical device, comprising a metal — interface layer — Si-based semiconductor
junction in which the interface layer includes a passivating material and the electrical device

has a specific contact resistance of less than approximately 1000 Q-pm’.

13. The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm’.

14. The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm’.

15. The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm”’.
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16. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q—umz.

17. The electrical device of claim 12, wherein the passivating material comprises one or

more of a nitride, an oxide, an oxynitride a hydride, a fluoride and/or an arsenide of silicon.

18. The electrical device of claim 17, wherein the interface layer comprises a passivation

layer and a separation layer.

19. A method, comprising depinning a Fermi level of a silicon-based semiconductor in an
electrical junction through the use of an interface layer disposed between a surface of the
semiconductor and a conductor, wherein the interface layer (i} has a thickness sufficient to
reduce effects of metal-induced gap states in the semiconductor while providing the junction

with a specific contact resistance of less than approximately 1000 Q— um 2 and (ii)

passivates the surface of the semiconductor.

20. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 100 Q-pm?,

21. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 50 Q-pm’.

22. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 10 Q-um?,

23. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 1 Q-pm?,
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24. The method of claim 19 wherein the interface layer has a thickness sufficient to
provide a specific contact resistance of the electrical junction of less than or equal to

approximately 1 Q-pum’,

25. The method of claim 19 wherein the interface layer includes a passivating material
selected from the list comprising: an arsenide, a hydride, a fluoride, an oxide, an oxynitride

and a nitride of silicon.

26. The method of claim 25 wherein the interface layer consists essentially of a
monolayer.
27. The method of claim 19 wherein the interface layer is grown on the semiconductor

surface at temperatures above approximately 300 °C.

28. The method of claim 27 wherein the interface layer is grown in the presence of a

nitrogenous material.

29. The method of claim 28 wherein the nitrogenous material comprises one of ammonia

(NHS,), nitrogen (N>), or unbound nitrogen (N).

30. The method of claim 19 wherein the interface layer includes a passivation layer grown

by immersion of the semiconductor in a liquid containing hydrogen and fluorine ions.

31. An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness that

allows a Fermi level of the conductor to align with a conduction band of the semiconductor,
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wherein the electrical device has a specific contact resistance less than approximately 1000 Q-

pm’.

32. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pum’,

33. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm?.

34. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm’.

35. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm’,

36. An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness that
allows a Fermi level of the conductor to align with a valence band of the semiconductor,
wherein the clectrical device has a specific contact resistance less than approximately 1000 Q-

pm’,

37. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm’.

38. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm’.
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39. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm’.

40. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 1 Q-umz.

41. An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness that
allows a Fermi level of the semiconductor to be independent of a Fermi level of the conductor,
wherein the electrical device has a specific contact resistance less than approximately 1000 €2-

pm?.

42, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm’.

43, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pum’.

44, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm?,

45. The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm’.

46. An electrical device, comprising:
a silicon-based semiconductor of either n-type or p-type semiconductor

material;
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a metal having a workfunction approximately equal to a conduction band of
the semiconductor if the semiconductor is of n-type semiconductor material or having
a workfunction approximately equal to a valence band of the semiconductor if the
semiconductor is of p-type semiconductor material; and

an interface layer disposed between and in contact with both the
semiconductor and the metal, wherein the electrical device has a specific contact

resistance of less than or approximately equal to 1000 Q-pm’.

47. The electrical device of claim 46 wherein the interface layer includes a passivating
material.
48. The electrical device of claim 47 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

49. The electrical device of claim 48 wherein the interface layer consists essentially of a

monolayer configured to depin a Fermi level of the semiconductor.

50. The electrical device of claim 47 wherein the interface layer further includes a

separation layer.

51. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 100 € — um z,

52. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm’.
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53. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm®.

54. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm’.

55. The electrical device of claim 46 wherein the interface layer comprises a passivation

layer fabricated by heating the semiconductor in the presence of nitrogenous material.

56. The electrical device of claim 55 wherein the nitrogenous material comprises at least

one of ammonia (NH;), nitrogen (N;) or unbound nitrogen (N).

57. An electrical device, comprising:

a silicon-based semiconductor of either n-type or p-type semiconductor
material;

a metal having a workfunction near or substantially equal to a conduction
band edge of the semiconductor if the semiconductor is of p-type semiconductor
material, or having a workfunction near or substantially equal to a valence band edge
of the semiconductor if the semiconductor is of n-type semiconductor material; and

an interface layer disposed between and in contact with both the

semiconductor and the metal and configured to depin a Fermi level of the

semiconductor.
58. The electrical device of claim 57 wherein the interface layer includes a passivating
material.
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59. The electrical device of claim 58 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

60. The electrical device of claim 57 wherein the interface layer consists essentially of a

monolayer configured to depin a Fermi level of the semiconductor.

61. The electrical device of claim 57 wherein the interface layer further includes a
separation layer. N
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ABSTRACT

[0089] An electrical device in which an interface layer is disposed between and in contact
with a metal and a Si-based semiconductor, the interface layer being of a thickness effective to
depin of the Fermi level of the semiconductor while still permitting current to flow between
the metal and the semiconductor. The interface layer may include a layer of a passivating
material (e.g., made from nitrogen, oxygen, oxynitride, arsenic, hydrogen and/or fluorine) and
sometimes also includes a separation layer. In some cases, the interface layer may bea
monolayer of a semiconductor passivating material. The interface layer thickness corresponds
to a minimum specific contact resistance of less than or equal to 10 Q-pm’ or even less than or

equal to 1 Q-pm? for the electrical device.
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DECLARATION AND POWER OF ATTORNEY FOR PATENT APPLICATION

As a below named inventor, | hereby declare that:
My residence, post office address and citizenship are as stated below, next to my name.

| believe | am the original, first, and sole inventor (if only one name is listed below) or an original, first,
and joint inventor (if plural names are listed below) of the subject matter which is claimed and for
which a patent is sought on the invention entitied

METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN
ELECTRICAL JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

the specification of which

X is attached hereto.
was filed on (MM/DD/YYYY) _
as
United States Application Number
or PCT International Application Number
and was amended on (MM/DD/YYYY)

(if applicable)

I hereby state that | have reviewed and understand the contents of the above-identified
specification, including the claim(s), as amended by any amendment referred to above. | do not
know and do not believe that the claimed invention was ever known or used in the United States of
America before my invention thereof, or patented or described in any printed publication in any
country before my invention thereof or more than one year prior to this application. 1 do not know
and do not believe that the claimed invention was in public use or on sale in the United States of
America more than one year prior to this application, nor do | know or believe that the invention has
been patented or made the subject of an inventor's certificate issued before the date of this
application in any country foreign to the United States of America on an application filed by me or my
legal representatives or assigns more than twelve months (for a utility patent application) or six
months (for a design patent application) prior to this application.

I acknowledge the duty to disclose all information known 1o me to be material to patentability as
defined in Title 37, Code of Federal Regulations, Section 1.56.

I hereby claim foreign priority benefits under Title 35, United States Code, Section 119(a)-(d), of any
foreign application(s) for patent or inventor's certificate listed below and have also identified below
any foreign application for patent or inventor's certificate having a filing date before that of the
application on which priority is claimed:
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MM/DD/YYYY)
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I hereby claim the benefit under title 35, United States Code, Section 119(e) of any United States
provisional application(s) listed below:

{Application Number) (Filing Date — MM/DD/YYYY)

(Application Number) (Filing Date — MM/DD/YYYY)

I hereby claim the benefit under Title 35, United States Code, Section 120 of any United States
application(s) listed below and, insofar as the subject matter of each of the claims of this application
is not disclosed in the prior United States application in the manner provided by the first paragraph
of Title 35, United States Code, Section 112, | acknowledge the duty to disclose all information
known to me to be material to patentability as defined in Title 37, Code of Federal Regulations,
Section 1.56 which became available between the filing date of the prior application-and the national
or PCT international filing date of this application:

{Application Number) (Filing Date — MM/DD/YYYY) (Status -- patented,
pending, abandoned)

{Application Number) (Filing Date — MM/DD/YYYY) (Status -- patented,
pending, abandoned)

I hereby appoint the persons listed on Appendix A hereto (which is incorporated by reference and a
part of this document) as my respective patent attorneys and patent agents, with full power of
substitution and revocation, to prosecute this application and to transact all business in the Patent
and Trademark Office connected herewith.

Send correspondence Tarek N. Fahmi, Reg. No. 41,402 , BLAKELY,
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ZAFMAN LLP, 12400 Wilshire Boulevard 7th Floor, Los Angeles, California
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8300.
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Reg. No. 48,534; Richard A. Nakashima, Reg. No. 42,023; Thien T. Nguyen, Reg. No. 43,835; Thinh V.
Nguyen, Reg. No. 42,034; Robert B. O'Rourke, Reg. No. 46,972; Daniel E. Ovanezian, Reg. No. 41,236;
Gregg A. Peacock, Reg. No. 45,001; Marina Portnova, Reg. No. 45,750; Michael A. Proksch, Reg. No.
43,021; William F. Ryann, Reg. 44,313; James H. Salter, Reg. No. 35,668; William W. Schaal, Reg. No.
39,018; James C. Scheller, Reg. No. 31,195; Jeffrey S. Schubert, Reg. No. 43,098; Saina S. Shamilov,
Reg. No. 48,266; Kevin G. Shao, Reg. No. 45,095; Stanley W. Sokoloff, Reg. No. 25,128; Judith A,
Szepesi, Reg. No. 39,393; Ronald S. Tamura, Reg. No. 43,179; Edwin H. Taylor, Reg. No. 25,129;
Lance A. Termes, Reg. No. 43,184; John F. Travis, Reg. No. 43,203; Thomas J. Treutler, Reg. No.
51,126; Kerry D. Tweet, Reg. No. 45,959; Mark C. Van Ness, Reg. No. 39,865; Thomas A. Van Zandt,
Reg. No. 43,219, Lester J. Vincent, Reg. No. 31,460; Archana B. Vittal, Reg. No. 45,182; Glenn E. Von
Tersch, Reg. No. 41,364; John P. Ward, Reg. No. 40,216; Mark L. Watson, Reg. No. 46,322; Thomas
C. Webster, Reg. No. 46,154; Linda S. Zachariah, Reg. No. 48,057; and Norman Zafman, Reg. No.
26,250; my patent attorneys, and William E. Hickman, Reg. No. 46,771, Brent E. Vecchia, Reg. No.
48,011, and Lehua Wang, Reg. No. 48,023; my patent agents, of BLAKELY SOKOLOFF TAYLOR &
ZAFMAN LLP, with offices located at 12400 Wilshire Boulevard, 7th Floor, Los Angeles, California
90025, telephone (310) 207-3800, and James R. Thein, Reg. No. 31,710, my patent attorney with full
power of substitution and revocation, to prosecute this application and to transact ali business in the
Patent and Trademark Office connected herewith.
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APPENDIX B

Title 37, Code of Federal Regulations, Section 1.56
Duty to Disclose Information Material to Patentability

(a) A patent by its very nature is affected with a public interest. The public interest 1s best
served, and the most effective patent examination occurs when, at the time an application is being examined,
the Office is aware of and evaluates the teachings of all information material to patentability. Each individual
associated with the filing and prosecution of a patent application has a duty of candor and good faith in dealing
with the Office, which includes a duty to disclose to the Office all information known to that individual to be
material to patentability as defined in this section. The duty to disclose information exists with respect to each
pending claim until the claim is cancelled or withdrawn from consideration, or the application becomes
abandoned. Information material to the patentability of a claim that is cancelled or withdrawn from
consideration need not be submitted if the information is not material to the patentability of any claim remaining
under consideration in the application. There is no duty to submit information which is not material to the
patentability of any existing claim. The duty to disclose all information known to be material to patentability is
deemed to be satisfied if all information known to be material to patentability of any claim issued in a patent
was cited by the Office or submitted to the Office in the manner prescribed by §§1.97(b)-(d) and 1.98.
However, no patent will be granted on an application in connection with which fraud on the Office was practiced
or attempted or the duty of disclosure was violated through bad faith or intentional misconduct. The Office
encourages applicants to carefully examine:

(1) Prior art cited in search reports of a foreign patent office in a counterpart application, and

(2) The closest information over which individuals associated with the filing or prosecution of a
patent application believe any pending claim patentably defines, to make sure that any material information
contained therein is disclosed to the Office.

(b) Under this section, information is material to patentability when it is not cumulative to information
already of record or being made of record in the application, and

(1) It establishes, by itself or in combination with other information, a prima facie case of
unpatentability of a claim; or

2) It refutes, or is inconsistent with, a position the applicant takes in:
p

(i) Opposing an argument of unpatentability relied on by the Office, or

(i) Asserting an argument of patentability.
A prima facie case of unpatentability is established when the information compels a
conclusion that a claim is unpatentable under the preponderance of evidence, burden-of-
proof standard, giving each term in the claim its broadest reasonable construction
consistent with the specification, and before any consideration is given to evidence

which may be submitted in an attempt to establish a contrary conclusion of patentability.

(c) Individuals associated with the filing or prosecution of a patent application within the meaning of
this section are:

(1) Each inventor named in the application;

(2) Each attorney or agent who prepares or prosecutes the application; and

3) Every other person who is substantively invoived in the preparation or prosecution of the
apphcaﬂon and who is associated with the inventor, with the assignee or with anycne to whom there is an

obligation to assign the application.

(d) Individuals other than the attorney, agent or inventor may comply with this section by disclosing
information to the attorney, agent, or inventor.

(e} In any continuation-in-part application, the duty under this section includes the duty to disclose
to the Office all informaticn known to the person to be material to patentability, as defined in paragraph (b) of
this section, which became available between the filing date of the prior application and the national or PCT
international filing date of the continuation-in-part application.
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-2 === ~Please type a plus sign (+) inside this >+ ] Approved for use through 10/31/2002. OMB 0651-0032
. U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE
[ Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

S—— —
SEA UTILITY Attorney Docket No. | 3771P003 A =

= PATENT APPLICATION First Inventor | Daniel E. Grupp, et al. "B=,
= TRANSMITTAL Title ]Method For Depinning The Fermi Level of a Semiconductor at an Electrical "‘F -—m-g_
(Only for new nonprovisional applications under 37 CFR 1.53(b)) Express Mail Label No. L[_EV()606 10698US 7—:’1::
— —H N
APPLICATION ELEMENTS Assistant Commissioner for Patents oy =2
o e ADDRESS TO: Box Patent Application 07 =
See MPEP chapter 600 concerning utility patent application contents Washington, DC 20231 ] =
1.0 Fee Transmittal Form (e.g., PTO/SB/17) 7. [] CD-ROM or CD-Rin duplicate, large table or
(Submit an original and a duplicate for fee processing) Computer Program (A ppendix)
2.[7] Applicant claims small entity status. 8. Nucleotide and/or Amino Acid Sequence Submission
See 37 CFR 1.27. , (if applicable, all of the following are necessary)
3. Specification [Total Pages 42 ] a. [0 Computer Readable Form (CRF)
(S’efe’T"t," a’tf 3”9‘1’319”“ set ft‘i’”h below) b. Specification Sequence Listing on:
- Descriptive title of the Invention . ] ) s
- Cross References to Related Applications ' O CD-ROM or CD-R (2 copies); or
- Statement Regarding Fed sponsored R & D i.0 paper
- Reference to sequence listing, a table, c. [0 statements verifying identity of above copies

or a computer program listing appendix
- Background of the Invention
- Brief Summary of the Invention
- Brief Description of the Drawings (if filed)

Assignment Papers (cover sheet & document(s))

- Detailed Description 10. 37 C.F.R. § 3.73(b) Statement g Power of Attorney
] ~ Claim(s) (when there is an assignee)
- Abstract of the Disclosure 11. English Translation Document (if applicable)
12, Information Disclosure O Copies of IDS

o
mB
g
O
4, Drawing(s) (35 U.S.C. 113) [Total Sheets 6 ] Statement (IDS)/PTO-1449 Citations
13. [] Preliminary Amendment
X
.0
-
O

5. Oathor Declaration (signed)  [Total Pages § ] 14. Return Receipt Postcard (MPEP 503)
[[] Newly executed (original or copy) (Should be specifically itemized)
b. [] Copy from a prior application (37 C.F.R. § 1.63(d)) Certified Copy of Priority Document(s)
(for continuation/divisional with Box 18 completed) (if foreign prionity is claimed)

Nonpublication Request under 35 U.S.C. 122 (b)(2)(B)(i).
i. [J DELETION OF INVENTOR Applicant must attach form PTO/SB/35 or its equivalent.
Signed statement attached deteting inventor(s)

named in the prior application, see 37 CFR .
1.63(d)(2) and 1.33(b). 7. Other:

6.[] Application Data Sheet. See 37 CFR 1.76

18. If a CONTINUING APPLICATION, check appropriate box, and supply the requisite information below and in a preliminary amendment,
or in an Application Data Sheet under 37 CFR 1.76:

[0 continuation  []. Divisional [. Continuation-in-part (CIP) of prior application No:
Prior application Information:  Examiner Group/Art Unit:
For CONTINUATION OR DIVISIONAL APPS only The entire disclosurs of tha prior application, from which an oath or declaration is supplied under Box &b, is considered a

part of the d o of the tion or divisional application and is hereby incorporated by refarence. The incorporation can only be relied upon whan
a portion has been inadvertently omlnod from the submited application parts,

18. CORRESPONDENCE ADDRESS
e ——————

INHERARARFAA _—
B4 . Custorner Number or Bar Code Label 08791 o [ Comespondence

Tarek N. Fahmi
Blakely, Sokoloff, Taylor & Zafman LLP
Address 12400 Wilshire Boulevard, Seventh Floor

Name

City Los Angeles | State ] California | ZipCode  ]90025-1030
Country USA . _Helephone | (408) 947-8200 | Fax __ 1(408) 947-8280

(Nams (Print/Type) Ta}dyN/%lpp'y // Registration No. (Attomey/Agent) | 41 402 \
(Sigratwre |~ £~ [/ . | pate  08/12/02 )

Burden Hour Sta This form is esfr 0 take’.2 hours to complete. Time will vary depending upon the needs of the individual case. Any comments on the amount of time you are
required to complete this form should b sent to the Chief Information Officer, U.S. Patent and Trademark Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS
TO THIS ADDRESS. SEND TO: Asdistant Commissioner for Patents, Box Patent Application, Washington, DC 20231,
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Approved for use through 10/31/2002. OMB 0651-0032
Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

FEE TRANSMITTAL FOR FY 2002
TOTAL AMOUNT OF PAYMENT ($) $1,938.00

Complete if Known:

Application No. Not Yet Assigned
Filing Date __Herewith

First Named Inventor _Daneil E. Grupp
Group Art Unit _Not Yet Assigned
Examiner Name __Not Yet Assigned
Attorney Docket No. _ 3771P003

METHOD OF PAYMENT (check one)

1. [ X ] TheCommissioner is hereby authorized to charge indicated fees and credit
any over payments to:
Deposit Account Number 02-2666

Deposit Account Name

[ X ] Charge Any Additional Fee Required Under 37 CFR 1.16 and 1.17

[ ] Applicant claims small entity status. See 37 CFR 1.27

2. X Payment Enclosed: X Check
Money Order
Other

FEE CALCULATION

1.  BASIC FILING FEE

Large Entity Small Entity

Fee Fee Fee Fee
Code ($) Code ($) Fee Description Fee Paid

101 740 201 370 Utility application filing fee $740.00
106 330 206 165 Design application filing fee —
107 510 207 255 Plant filing fee

108 740 208 370 Reissue filing fee

114 160 214 80 Provisional application filing fee

SUBTOTAL (1) $.740.00

2. EXTRA CLAIM FEES Fee from

Extra Claims below Fee Paid
Total Claims 61 -20"* = _41 X §$18 = $738
Independent Claims _8 -3 = _5 X $84 = $420
Multiple Dependent =

**Or number previously paid, if greater; For Reissues, see below.
Large Entity Small Entity

Fee Fee Fee Fee

Code ($) Code (%) Fee Description

103 18 203 9 Claims in excess of 20

102 84 202 42 Independent claims in excess of 3

104 280 204 140  Multiple dependent claim, if not paid

109 84 209 42 **Reissue independent claims over original patent

110 18 210 9  *Reissue claims in excess of 20 and over original patent
SUBTOTAL (2) $_1,158.00

10/04/01 -1-
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FEE CALCULATION (continued

3. ADDITIONAL FEES

Fee Description Fee Paid
Surcharge - late filing fee or oath

Surcharge - late provisional filing fee or cover sheet
Non-English specification

For filing a request for ex parte reexamination
Request for inter parties reexamination

Requesting publication of SIR prior to Examiner action
Requesting publication of SIR after Examiner action
Extension for reply within first month

Extension for reply within second month

Extension for reply within third month

Extension for reply within fourth month

Extension for reply within fifth month

Notice of Appeal

Filing a brief in support of an appeal

Request for oral hearing

Petition to institute a public use proceeding

Petition to revive — unavoidable

Petition to revive - unintentional

Utility issue fee (or reissue)

Design issue fee

Plant issue fee

Petitions to the Commissioner

Processing fee under 37 CFR 1.17(q)

Submission of Information Disclosure Stmt

Recording each patent assignment per

property (times number of properties)

For filing a submission after final rejection

(see 37 CFR 1.129(a))

Statutory Disclaimer

For each additional invention to be examined

(see 37 CFR 1.129(b))

Request for Continued Examination (RCE)

Request for expedited examination of a design
application

Publication fee for early, voluntary, or normal pub.
Publication fee for republication

Request for voluntary publication or republication
Processing fee under 37 CFR 1.17(i) (except provisionals)
Acceptance of unintentionally delayed claim for priority

$40

Large Entity Small Entity
Fee Fee Fee Fee
Code ($) Code ($)
105 130 205 65
127 50 227 25
139 130 139 130
147 2,520 147 2,520
099 8,800 099 8,800
112 920* 112 920*
113 1,840* 113 1,840*
115 110 215 55
116 400 216 200
117 920 217 460
118 1,440 218 720
128 1,960 228 980
119 320 219 160
120 320 220 160
121 280 221 140
138 1,510 138 1,510
140 110 240 55
141 1,280 241 640
142 1,280 242 640
143 460 243 230
144 620 244 310
122 130 122 130
123 50 123 50
126 180 126 180
581 40 581 40
146 740 246 370
148 110 248 55
149 740 249 370
179 740 279 370
169 900 169 900
195 300 195 300
196 300 196 300
194 130 194 130
098 130 098 130
091 1,280 091 1,280
Other fee (specify)

Other fee (specify)

*Reduced by Basic Filing Fee Paid

SUBTOTAL (3) $.40.00

SUBMITTED BY:

)é:ek N. Fahmi

Date: _August 12, 2002

Typed or Printe/yqa ;
Signature: e a ?/ Lv

Reg. Number: _41,402

Telephone Number: _408.947.8200

10/04/01

-2- PTO/SB/17
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PTO/SB/35 (11-00)

Approved for use through 10/31/2002. OMB 0651-0031

Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

)

NONPUBLICATION REQUEST First Named Inventor  Daniel E. Grupp
UNDER Titte | Method For Depinning The Fermi Level of a

35 U.S.C. 12 2 (b) ( 2) (B) (l) Semiconductor at an Electrical Jmcﬁon and

Attorney Docket Number 3771P003

I hereby certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral agreement, that requires

publication at eighteen months after filing.

| hereby request that the attached application not be published under 35 U.S.C.
122(b).

08/12/02 7 / .

Date / e “Signature

Tarek N. Fahmi, Reg. No. 41,402
Typed or printed name

This request must be signed in compliance with 37 CFR 1.33(b) and submitted with
the application upon filing.

Applicant may rescind this nonpublication request at any time. If applicant rescinds
a request that an application not be published under 35 U.S.C. 122(b), the
application will be scheduled for publication at eighteen months from the earliest
claimed filing date for which a benefit is claimed.

If applicant subsequently files an application directed to the invention disclosed in
the attached application in another country, or under a multilateral international
agreement, that requires publication of applications eighteen months after filing, the
applicant must notify the United States Patent and Trademark Office of such filing
within forty-five (45) days after the date of the filing of such foreign or international
application. Failure to do so will result in abandonment of this application (35
U.S.C. 112(b)(2)(B)(iii)).

Burden Hour This collection of inf jon is required by 37 CFR 1.213(a). This information is used by the public to request that an application not be published under 35 U.S.C.
122(b) (and the PTO to process that request). Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14, This form is estimated 1o take 6 minutes to complete. Time will vary depending
upon the needs of the individual case. Any comments on the amount of time you are required to complete this form should be sent to the Chief Information Officer, U.S, Patent and Trademark
Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents, Washington, DC 20231.

e
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-2 === ~Please type a plus sign (+) inside this >+ ] Approved for use through 10/31/2002. OMB 0651-0032
. U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE
[ Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

S—— —
SEA UTILITY Attorney Docket No. | 3771P003 A =

= PATENT APPLICATION First Inventor | Daniel E. Grupp, et al. "B=,
= TRANSMITTAL Title ]Method For Depinning The Fermi Level of a Semiconductor at an Electrical "‘F -—m-g_
(Only for new nonprovisional applications under 37 CFR 1.53(b)) Express Mail Label No. L[_EV()606 10698US 7—:’1::
— —H N
APPLICATION ELEMENTS Assistant Commissioner for Patents oy =2
o e ADDRESS TO: Box Patent Application 07 =
See MPEP chapter 600 concerning utility patent application contents Washington, DC 20231 ] =
1.0 Fee Transmittal Form (e.g., PTO/SB/17) 7. [] CD-ROM or CD-Rin duplicate, large table or
(Submit an original and a duplicate for fee processing) Computer Program (A ppendix)
2.[7] Applicant claims small entity status. 8. Nucleotide and/or Amino Acid Sequence Submission
See 37 CFR 1.27. , (if applicable, all of the following are necessary)
3. Specification [Total Pages 42 ] a. [0 Computer Readable Form (CRF)
(S’efe’T"t," a’tf 3”9‘1’319”“ set ft‘i’”h below) b. Specification Sequence Listing on:
- Descriptive title of the Invention . ] ) s
- Cross References to Related Applications ' O CD-ROM or CD-R (2 copies); or
- Statement Regarding Fed sponsored R & D i.0 paper
- Reference to sequence listing, a table, c. [0 statements verifying identity of above copies

or a computer program listing appendix
- Background of the Invention
- Brief Summary of the Invention
- Brief Description of the Drawings (if filed)

Assignment Papers (cover sheet & document(s))

- Detailed Description 10. 37 C.F.R. § 3.73(b) Statement g Power of Attorney
] ~ Claim(s) (when there is an assignee)
- Abstract of the Disclosure 11. English Translation Document (if applicable)
12, Information Disclosure O Copies of IDS

o
mB
g
O
4, Drawing(s) (35 U.S.C. 113) [Total Sheets 6 ] Statement (IDS)/PTO-1449 Citations
13. [] Preliminary Amendment
X
.0
-
O

5. Oathor Declaration (signed)  [Total Pages § ] 14. Return Receipt Postcard (MPEP 503)
[[] Newly executed (original or copy) (Should be specifically itemized)
b. [] Copy from a prior application (37 C.F.R. § 1.63(d)) Certified Copy of Priority Document(s)
(for continuation/divisional with Box 18 completed) (if foreign prionity is claimed)

Nonpublication Request under 35 U.S.C. 122 (b)(2)(B)(i).
i. [J DELETION OF INVENTOR Applicant must attach form PTO/SB/35 or its equivalent.
Signed statement attached deteting inventor(s)

named in the prior application, see 37 CFR .
1.63(d)(2) and 1.33(b). 7. Other:

6.[] Application Data Sheet. See 37 CFR 1.76

18. If a CONTINUING APPLICATION, check appropriate box, and supply the requisite information below and in a preliminary amendment,
or in an Application Data Sheet under 37 CFR 1.76:

[0 continuation  []. Divisional [. Continuation-in-part (CIP) of prior application No:
Prior application Information:  Examiner Group/Art Unit:
For CONTINUATION OR DIVISIONAL APPS only The entire disclosurs of tha prior application, from which an oath or declaration is supplied under Box &b, is considered a

part of the d o of the tion or divisional application and is hereby incorporated by refarence. The incorporation can only be relied upon whan
a portion has been inadvertently omlnod from the submited application parts,

18. CORRESPONDENCE ADDRESS
e ——————

INHERARARFAA _—
B4 . Custorner Number or Bar Code Label 08791 o [ Comespondence

Tarek N. Fahmi
Blakely, Sokoloff, Taylor & Zafman LLP
Address 12400 Wilshire Boulevard, Seventh Floor

Name

City Los Angeles | State ] California | ZipCode  ]90025-1030
Country USA . _Helephone | (408) 947-8200 | Fax __ 1(408) 947-8280

(Nams (Print/Type) Ta}dyN/%lpp'y // Registration No. (Attomey/Agent) | 41 402 \
(Sigratwre |~ £~ [/ . | pate  08/12/02 )

Burden Hour Sta This form is esfr 0 take’.2 hours to complete. Time will vary depending upon the needs of the individual case. Any comments on the amount of time you are
required to complete this form should b sent to the Chief Information Officer, U.S. Patent and Trademark Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS
TO THIS ADDRESS. SEND TO: Asdistant Commissioner for Patents, Box Patent Application, Washington, DC 20231,

GF Exhibit 1002 - 62/273




P S g ey o g o gy ey
\ R AR R S S R e T
PTO/SB/17(09/00)

Approved for use through 10/31/2002. OMB 0651-0032
Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

FEE TRANSMITTAL FOR FY 2002
TOTAL AMOUNT OF PAYMENT ($) $1,938.00

Complete if Known:

Application No. Not Yet Assigned
Filing Date __Herewith

First Named Inventor _Daneil E. Grupp
Group Art Unit _Not Yet Assigned
Examiner Name __Not Yet Assigned
Attorney Docket No. _ 3771P003

METHOD OF PAYMENT (check one)

1. [ X ] TheCommissioner is hereby authorized to charge indicated fees and credit
any over payments to:
Deposit Account Number 02-2666

Deposit Account Name

[ X ] Charge Any Additional Fee Required Under 37 CFR 1.16 and 1.17

[ ] Applicant claims small entity status. See 37 CFR 1.27

2. X Payment Enclosed: X Check
Money Order
Other

FEE CALCULATION

1.  BASIC FILING FEE

Large Entity Small Entity

Fee Fee Fee Fee
Code ($) Code ($) Fee Description Fee Paid

101 740 201 370 Utility application filing fee $740.00
106 330 206 165 Design application filing fee —
107 510 207 255 Plant filing fee

108 740 208 370 Reissue filing fee

114 160 214 80 Provisional application filing fee

SUBTOTAL (1) $.740.00

2. EXTRA CLAIM FEES Fee from

Extra Claims below Fee Paid
Total Claims 61 -20"* = _41 X §$18 = $738
Independent Claims _8 -3 = _5 X $84 = $420
Multiple Dependent =

**Or number previously paid, if greater; For Reissues, see below.
Large Entity Small Entity

Fee Fee Fee Fee

Code ($) Code (%) Fee Description

103 18 203 9 Claims in excess of 20

102 84 202 42 Independent claims in excess of 3

104 280 204 140  Multiple dependent claim, if not paid

109 84 209 42 **Reissue independent claims over original patent

110 18 210 9  *Reissue claims in excess of 20 and over original patent
SUBTOTAL (2) $_1,158.00

10/04/01 -1-
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FEE CALCULATION (continued

3. ADDITIONAL FEES

Fee Description Fee Paid
Surcharge - late filing fee or oath

Surcharge - late provisional filing fee or cover sheet
Non-English specification

For filing a request for ex parte reexamination
Request for inter parties reexamination

Requesting publication of SIR prior to Examiner action
Requesting publication of SIR after Examiner action
Extension for reply within first month

Extension for reply within second month

Extension for reply within third month

Extension for reply within fourth month

Extension for reply within fifth month

Notice of Appeal

Filing a brief in support of an appeal

Request for oral hearing

Petition to institute a public use proceeding

Petition to revive — unavoidable

Petition to revive - unintentional

Utility issue fee (or reissue)

Design issue fee

Plant issue fee

Petitions to the Commissioner

Processing fee under 37 CFR 1.17(q)

Submission of Information Disclosure Stmt

Recording each patent assignment per

property (times number of properties)

For filing a submission after final rejection

(see 37 CFR 1.129(a))

Statutory Disclaimer

For each additional invention to be examined

(see 37 CFR 1.129(b))

Request for Continued Examination (RCE)

Request for expedited examination of a design
application

Publication fee for early, voluntary, or normal pub.
Publication fee for republication

Request for voluntary publication or republication
Processing fee under 37 CFR 1.17(i) (except provisionals)
Acceptance of unintentionally delayed claim for priority

$40

Large Entity Small Entity
Fee Fee Fee Fee
Code ($) Code ($)
105 130 205 65
127 50 227 25
139 130 139 130
147 2,520 147 2,520
099 8,800 099 8,800
112 920* 112 920*
113 1,840* 113 1,840*
115 110 215 55
116 400 216 200
117 920 217 460
118 1,440 218 720
128 1,960 228 980
119 320 219 160
120 320 220 160
121 280 221 140
138 1,510 138 1,510
140 110 240 55
141 1,280 241 640
142 1,280 242 640
143 460 243 230
144 620 244 310
122 130 122 130
123 50 123 50
126 180 126 180
581 40 581 40
146 740 246 370
148 110 248 55
149 740 249 370
179 740 279 370
169 900 169 900
195 300 195 300
196 300 196 300
194 130 194 130
098 130 098 130
091 1,280 091 1,280
Other fee (specify)

Other fee (specify)
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METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL
JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

RELATED APPLICATIONS

[0001] The present application is related to co-pending U.S. Patent Application No.

, entitled "INSULATED GATE FIELD EFFECT TRANSISTOR HAVING

PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL", filed on ,
2002, by the present inventors and assigned to the same assignee as the present application.

This related patent application is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to semiconductor processing and semiconductor
devices. More particularly, the invention relates to a process for depinning the Fermi level of
a semiconductor at a metal-interface layer-semiconductor junction and to devices that employ

such a junction.

BACKGROUND

[0003] One of the most basic electrical junctions used in modern devices is the metal-
semiconductor junction. In these junctions, a metal (such as aluminum) is brought in contact
with a semiconductor (such as silicon). This forms a device (a diode) which can be inherently
rectifying; that is, the junction will tend to conduct current in one direction more favorably
than in the other direction. In other cases, depending on the materials used, the junction may
be ohmic in nature (i.e., the contact may have negligible resistance regardless of the direction

of current flow). Grondahl and Geiger first studied the rectifying form of these junctions in

Attorney Docket No.: 003771.P003 2 Patent Application
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1926, and by 1938 Schottky had developed a theoretical explanation for the rectification that
was observed.
[0004] Schottky’s theory explained the rectifying behavior of a metal-semiconductor contact
as depending on a barrier at the surface of contact between the metal and the semiconductor.
In this model, the height of the barrier (as measured by the potential necessary for an electron
to pass from the metal to the semiconductor) was postulated as the difference between the
work function of the metal (the work function is the energy required to free an electron at the
Fermi level of the metal, the Fermi level being the highest occupied energy state of the metal
at T = 0) and the electron affinity of the semiconductor (the electron affinity is the difference
between the energy of a free electron and the conduction band edge of the semiconductor).
Expressed mathematically:

P =Pu —Xs (1]
where @y is the barrier height, @y is the work function of the metal and s is the electron
affinity of the semiconductor.
[0005] Not surprisingly, many attempts were made to verify this theory experimentally. If
the theory is correct, one should be able to observe direct variations in barrier heights for
metals of different work functions when put in contact with a common semiconductor. What
is observed, however, is not direct scaling, but instead only a much weaker variation of barrier
height with work function than implied by the model.
[0006] Bardeen sought to explain this difference between theoretical prediction and
experimental observation by introducing the concept that surface states of the semiconductor
play a role in determining the barrier height. Surface states are energy states (within the
bandgap between the valence and conduction bands) at the edge of the semiconductor crystal
that arise from incomplete covalent bonds, impurities, and other effects of crystal termination.
Figure 1 shows a cross-section of an un-passivated silicon surface labeled 100. The particular
silicon surface shown is an Si(100) 2x1 surface. As shown, the silicon atoms at the surface,

such as atom 110, are not fully coordinated and contain un-satisfied dangling bonds, such as

Attorney Docket No.: 003771.P003 3 Patent Application
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dangling bond 120. These dangling bonds may be responsible for surface states that trap
electrical charges.

[0007] Bardeen’s model assumes that surface states are sufficient to pin the Fermi level in the
semiconductor at a point between the valence and conduction bands. If true, the barrier height
at a metal-semiconductor junction should be independent of the metal’s work function. This
condition is rarely observed experimentally, however, and so Bardeen’s model (like
Schottky’s) is best considered as a limiting case.

[0008] For many years, the cause underlying the Fermi level pinning of the semiconductor at
a metal-semiconductor junction remained unexplained. Indeed, to this day no one explanation
satisfies all experimental observations regarding such junctions. Nevertheless, in 1984,
Tersoff proposed a model that goes a long way towards explaining the physics of such
junctions. See J. Tersoff, “Schottky Barrier Heights and the Continuum of Gap States,” Phys.
Rev. Lett. 52 (6), Feb. 6, 1984,

[0009] Tersoff’s model (which is built on work by Heine and Flores & Tejedor, and see also
Louie, Chelikowsky, and Cohen, “Tonicity and the theory of Schottky barriers,” Phys. Rev. B
15, 2154 (1977)) proposes that the Fermi level of a semiconductor at a metal-semiconductor
interface is pinned near an effective “gap center”, which is related to the bulk semiconductor
energy band structure. The pinning is due to so-called metal induced gap states (MIGS),
which are energy states in the bandgap of the semiconductor that become populated due to the
proximity of the metal. That is, the wave functions of the electrons in the metal do not
terminate abruptly at the surface of the metal, but rather decay in proportion to the distance
from that surface (i.e., extending inside the semiconductor). To maintain the sum rule on the
density of states in the semiconductor, electrons near the surface occupy energy states in the
gap derived from the valence band such that the density of states in the valence band is
reduced. To maintain charge neutrality, the highest occupied state (which defines the Fermi
level of the semiconductor) will then lie at the crossover point from states derived from the

valence band to those derived from the conduction band. This crossover occurs at the branch

Attorney Docket No.: 003771.P003 4 Patent Application
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point of the band structure. Although calculations of barrier heights based on Tersoff’s model
do not satisfy all experimentally observed barrier heights for all metal-semiconductor
junctions, there is generally good agreement for a number of such junctions.

[0010] One final source of surface effects on diode characteristics is inhomogeneity. That is,
if factors affecting the barrier height (e.g., density of surface states) vary across the plane of
the junction, the resulting properties of the junction are found not to be a linear combination of
the properties of the different regions. In summary then, a classic metal-semiconductor
junction is characterized by a Schottky barrier, the properties of which (e.g., barrier height)
depend on surface states, MIGS and inhomogeneities.

[0011] The importance of the barrier height at a metal-semiconductor interface is that it
determines the electrical properties of the junction. Thus, if one were able to control or adjust
the barrier height of a metal-semiconductor junction, one could produce electrical devices of
desired characteristics. Such barrier height tuning may become even more important as device
sizes shrink even further. Before one can tune the barrier height, however, one must depin the
Fermi level of the semiconductor. As discussed in detail below, the present inventors have
achieved this goal in a device that still permits substantial current flow between the metal and

the semiconductor.

Attorney Docket No.: 003771.P003 5 Patent Application
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SUMMARY OF THE INVENTION

[0012] The present inventors have determined that for thin interface layers disposed between
a metal and a silicon-based semiconductor (e.g., Si, SiC and SiGe), so as to form a metal —
interface layer — semiconductor junction, there exist corresponding minimum specific contact
resistances. The interface layer thickness corresponding to this minimum specific contact
resistance will vary depending upon the materials used, however, it is a thickness that allows
for depinning the Fermi level of the semiconductor while still permitting current to flow
between the metal and the semiconductor when the junction is biased (e.g., forward or reverse
biased). By depinning the Fermi level, the present inventors mean a condition wherein all, or
substantially all, dangling bonds that may otherwise be present at the semiconductor surface
have been terminated, and the effect of MIGS has been overcome, or at least reduced, by

displacing the semiconductor a sufficient distance from the metal. Minimum specific contact

resistances of less than or equal to approximately 10 Q — um 2 or even less than or equal to

approximately 1 Q— zzm* may be achieved for such junctions in accordance with the present

invention.

[0013] Thus, in one embodiment, the present invention provides an electrical device in which
an interface layer is disposed between and in contact with a metal and a silicon-based
semiconductor and is configured to depin the Fermi level of the semiconductor while still
permitting current flow between the metal and the semiconductor when the electrical device is
biased. The specific contact resistance of the electrical device is less than approximately 10
Q- um 2. The interface layer may include a passivating material (e.g., a nitride, oxide,
oxynitride, arsenide, hydride and/or fluoride) and sometimes also includes a separation layer.
In some cases, the interface layer may be essentially a monolayer (or several monolayers) of a
semiconductor passivating material.

[0014] In another embodiment, the interface layer is made up of a passivation layer fabricated

by heating the semiconductor in the presence of nitrogenous material, for example ammonia

Attorney Docket No.: 003771.P003 6 Patent Application
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(NHs,), nitrogen (N,) or unbound gaseous nitrogen (N) generated from a plasma process. In
such cases, the interface layer may be fabricated by heating the semiconductor while in a
vacuum chamber and exposing the semiconductor to the nitrogenous material.

[0015] A further embodiment of the present invention provides for depinning the Fermi level
of a semiconductor in an electrical junction through the use of an interface layer disposed
between a surface of the semiconductor and a conductor. The interface layer preferably (i) is
of a thickness sufficient to reduce effects of MIGS in the semiconductor, and (ii) passivates
the surface of the semiconductor. Despite the presence of the interface layer, significant
current may flow between the conductor and the semiconductor because the thickness of the
interface layer may be chosen to provide a minimum (or near minimum) specific contact
resistance for the junction. As indicated above, the interface layer may include a passivating
material such as a nitride, oxide, oxynitride, arsenide, hydride and/or fluoride.

[0016] Further embodiments of the present invention provide a junction between a
semiconductor and a conductor separated from the semiconductor by an interface layer
configured to allow a Fermi level of the conductor to (i) align with a conduction band of the
semiconductor, (ii) align with a valence band of the semiconductor, or (iii) to be independent
of the Fermi level of the semiconductor. In some or all of these cases, current may flow
between the conductor and the semiconductor when the junction is biased because the
interface layer has a thickness corresponding to a minimum or near minimum specific contact
resistance for the junction. For example, specific contact resistances of less than or equal to
approximately 2500 Q— um?, 1000 Q— um?,100 Q- um?, 50 Q—um*,10 Q— um? or

even less than or equal to 1 Q — um’ may be achieved.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0017] The present invention is illustrated by way of example, and not by way of limitation,

in the figures of the accompanying drawings.

[0018] Figure 1 shows a cross-section of an un-passivated silicon surface containing surface

silicon atoms with dangling bonds.

[0019] Figure 2 illustrates various energy levels for metals and semiconductors and is

labeled to show the work function of a metal and the electron affinity of a semiconductor.

[0020] Figure 3 shows an energy band diagram for a conventional metal — n-type
semiconductor junction and also illustrates the concept of a depletion region formed in the

semiconductor when the materials are brought into contact with one another.

[0021] Figure 4 illustrates band bending at a conventional metal — n-type semiconductor

junction.

[0022] Figure 5 shows a semiconductor device containing a semiconductor material having a
surface across which electrical current flows during operation of the semiconductor device,
and containing an interface layer formed on the surface according to one embodiment of the

present invention.

[0023] Figure 6 shows an electrical junction containing an interface layer that is disposed
between a semiconductor and a conductor in accordance with one embodiment of the present

invention.

[0024] Figures 7a, 7b, 7c and 7d show relationships between Fermi energy, conduction-
band energy, and valence-band energy for an unpassivated Schottky diode, a passivated

Schottky diode in which MIGS are not removed, an unpassivated Schottky diode in which

Attorney Docket No.: 003771.P003 8 Patent Application
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MIGS are removed and a passivated Schottky diode in which MIGS are removed according to

one embodiment of the present invention, respectively.

[0025] Figure 8 shows a curve of interface layer resistance versus interface layer thickness
for an electrical junction containing an interface layer disposed between a semiconductor and

a conductor in accordance with one embodiment of the present invention.

Attorney Docket No.: 003771.P003 9 Patent Application
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DETAILED DESCRIPTION

[0026] Described herein are processes for depinning the Fermi level of a silicon-based
semiconductor (e.g., Si, SiC or SiGe) at a metal-semiconductor junction as well as devices that
use such a junction. As more fully discussed below, an interface layer is introduced between
the semiconductor and the metal. The interface layer functions to passivate the semiconductor
surface (that is, terminate dangling bonds that may otherwise be present at the semiconductor
surface so as to assure chemical stability of the surface) and to displace the semiconductor
from the metal so as to reduce the effect of MIGS.

[0027] As discussed more fully below, the present inventors have determined that for thin
interface layers disposed between a metal and a silicon-based semiconductor (e.g., Si, SiC and
SiGe), so as to form a metal — interface layer — semiconductor junction, there exist

corresponding minimum specific contact resistances. Indeed, minimum specific contact

resistances of less than or equal to approximately 10 Q — um % or even less than or equal to

approximately 1 Q — um* may be achieved for such junctions in accordance with the present

invention. To achieve such low contact resistances, a metal that has a work function near the
conduction band of the semiconductor for n-type semiconductors, or a work function that is
near the valence band for p-type semiconductors, is selected.

[0028] The Schottky barrier in such junctions is already minimized, meaning that it is much
less than the Schottky barrier presented by a junction in which the Fermi level is pinned,
generally near the middle of the semiconductor’s bandgap. The current versus voltage (IV)
characteristic of these junctions is non-linear, generally having a slope that increases as the
voltage increases, such that the derivative of current with respect to voltage is increasing with
voltage. This results in a decreasing differential resistance (d¥/dl) and a decreasing resistance
(V/1). Thus, a junction that has high resistance or high differential resistance near the origin of
the IV characteristic (zero volts) may have significantly lower resistance or lower differential

resistance at higher voltages.

Attorney Docket No.: 003771.P003 10 Patent Application
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[0029] The present invention achieves low resistance and low differential resistance near the
origin of the current-voltage characteristic for a metal — interface layer — semiconductor
junction. Generally, the voltage around the origin should be less than about 100 mV, or more
preferably less than about 10 mV for purposes of measuring, determining, or utilizing such
junctions of low resistance. At higher voltages, the junction resistance will be even lower. It is
thus a feature of the present invention to set an upper bound on the resistance of a contact,
where the upper bound occurs at low voltages.

[0030] It is further noted that in junctions where the Schottky barrier is minimized as
described above, such that the Fermi level at the junction interface at zero volts lies at or near
the conduction band edge or valence band edge (for #- and p-type semiconductors,
respectively), the IV characteristic will be nearly symmetric, especially at low voltage. In this
case, the term “forward bias” is not defined in the usual sense of 2 diode wherein forward bias
corresponds to the direction of bias for which greater current flows. Thus, in determining or
utilizing low resistance junctions of the present invention, the voltage may be either positive
or negative.

[0031] It is also possible (in accordance with a further embodiment of the present invention)
to make junctions where the Schottky barrier is higher than it would be if the Fermi level at
the junction interface were pinned, usually around mid-gap of the semiconductor. Such
junctions are formed in the present invention between a metal with a workfunction near or
substantially equal to the conduction band edge of a p-type semiconductor, or between a metal
with a workfunction near or substantially equal to the valence band edge of an n-type
semiconductor. These junctions are diodes, in that little current will flow if the n-type (p-type)
semiconductor is biased positive (negative) with respect to the metal, and large currents will
flow if the voltage is reversed. The low-current flow state is referred to as reverse bias, and the
high-current flow state is referred to as positive bias.

[0032] Low resistance in the case of a diode is only relevant in forward bias conditions. In

junctions created in accordance with the present invention the resistance contribution of the

Attorney Docket No.: 003771.P003 11 Patent Application
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interface layer is smaller than the resistance due to the Schottky barrier. That is, in forward
bias conditions for junctions created in accordance with the present invention, the transport of
charge is limited mainly by the thermal emission of carriers from the semiconductor over the
barrier at the interface, and not by the tunneling through the interface dielectric. Thus, low
resistance in the case of a diode refers to a resistance lower than the resistance presented by
the Schottky barrier.

[0033] In certain applications of diodes, the ability to withstand high reverse biases may be
more desirable than high current flow in forward bias. These applications would be considered
high voltage/low power applications. In such cases, a low resistance is not essential, and
junctions created in accordance with still another embodiment of the present invention provide
high-voltage diodes capable of withstanding voltages higher than could otherwise be achieved
if the Fermi level of the semiconductor in the junction were pinned.

[0034] The present invention is discussed below in terms of presently preferred embodiments
thereof, however, this discussion is not meant to limit the scope of the invention. By studying
the present disclosure, others of ordinary skill in the art may recognize equivalent procedures,
materials or structures that can be substituted for those described herein to achieve the same
effect. The reader is advised and reminded that the use of such equivalents is deemed to be
within the scope of the present invention. For example, where the discussion refers to well-
known structures and devices, block diagrams are used, in part to demonstrate the broad

applicability of the present invention to a wide range of such structures and devices.

I. Introduction and Definitions

[0035] The present discussion makes use of terms that, although well known in the art, may
not be familiar to all readers. Therefore, before beginning a detailed discussion of the present
invention, it is helpful to define certain terms and concepts. To understand the properties of
metal-semiconductor junctions and the impact of the present invention, one must refer to some

important energy scales, which are shown graphically in Figure 2. The so-called vacuum

Attorney Docket No.: 003771.P003 12 Patent Application
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level (E,) represents the minimum energy that an electron needs to possess in order to
completely free itself from a metal or semiconductor. For a metal, the Fermi level (Eg)
represents the highest occupied energy level for the material. That is, nearly all energy states
below the Fermi level are filled, while nearly all states above the Fermi level are empty. The
work function of the metal (®y) is then defined as the energy required to free an electron at
the Fermi level and mathematically it is the difference between the vacuum level and the
Fermi level. The work function is an invariant bulk property of the metal.

[0036] As illustrated in the diagram, semiconductors also have a Fermi level (Er) and a work
function (®s), however, the work function is not an invariant property of the semiconductor.
Because the Fermi level varies depending on the doping level in the semiconductor (i.e., the
relative amounts of impurities introduced into the semiconductor crystal which change the
electron and hole carrier concentrations), a separate parameter, the electron affinity (ys), is
defined. The electron affinity is an invariant property of the semiconductor and is the
difference between the vacuum level and the conduction band edge of the semiconductor. Ina
semiconductor, almost all energy states are filled in the valence band (Ey) while the
conduction band (Ec) is almost empty.

[0037] Now consider a conventional junction between a metal and an n-type semiconductor
that has a work function smaller than the work function of the metal (i.e., &5 < ®y). An n-
type semiconductor is one in which electrons are the majority charge carriers (in p-type
semiconductors, holes are the majority charge carrier). As shown in Figure 3, because the
Fermi level in the semiconductor is higher than the Fermi level in the metal, electrons transfer
from the semiconductor 310 to the metal 320 when the materials are brought into contact.
Thus, a depletion region (i.e., a region in which there are no free charge carriers) 330 forms
near the junction interface 340.

[0038] The formation of the depletion region gives rise to an electric field and so-called
“band bending”, as one approaches the junction interface from the semiconductor side (see

Figure 4). The band bending creates an energy barrier (discussed above) that blocks further
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transfer of electrons into or out of the semiconductor. Similar barriers are formed for a

junction between a metal and a p-type semiconductor when the work function of the metal is
less than the work function of the semiconductor. However, in the case of a metal- n-type
semiconductor junction in which the work function of the semiconductor is greater than that of
the metal or a metal—p-type semiconductor junction in which the work function of the
semiconductor is less than that of the metal, no such energy barriers are created and the
contact is said to be ohmic in nature.

[0039] As discussed above, although Schottky first postulated that the height of the energy
barrier (®y) formed at a metal-semiconductor junction was simply the difference between the
work function of the metal and the electron affinity of the semiconductor, experiments have
not verified this relationship. Instead a more complex explanation that takes into account the
effects of surface defect states, inhomogeneities and MIGS appears to provide more accurate
estimates of barrier heights by explaining the pinning of the Fermi level in the semiconductor.
The present inventors have created a technique which is believed to depin the Fermi level of a
Si-based semiconductor at a junction with a metal (and thus allow for control or tuning of the
barrier height) by both passivating the semiconductor surface (to eliminate or at least reduce
the effects of surface states and possibly inhomogeneities) and displacing the metal from the
semiconductor (to eliminate or at least reduce the effects of MIGS). This depinning is
achieved by introducing an interface layer between the semiconductor and the metal to create
a semiconductor -- interface layer -- metal junction, which still permits significant current to
flow between the metal and the semiconductor when the junction is forward biased.

[0040] This latter point is important. As discussed further below, for contacts where the
energy bands of the semiconductor and the conductor align (i.e., where the Fermi level of the
conductor aligns with the conduction or valence band of the semiconductor depending on
semiconductor type and/or contact application), if the interface layer is too thin, the specific
contact resistance of the junction increases because of the presence of MIGS, resulting in an

increased barrier height; thus, current flow is hampered. Conversely, if the interface layer is
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too thick, the specific contact resistance is again increased and one gets low current across the
junction because of tunneling limitations. The present invention achieves an interface layer
that is thick enough to reduce or eliminate the effect of MIGS, while still thin enough to

permit significant current flow.

II. Passivation of Semiconductor Surfaces

[0041] A common processing operation performed during semiconductor device fabrication
is silicon surface passivation. Surface passivation (whether by an oxide or another material)
chemicaily neutralizes and physically protects the underlying silicon. For example, exposing
a silicon surface to oxygen (under the appropriate conditions to grow a protective film of
silicon dioxide) will allow the oxygen to react with the dangling bonds of the silicon surface to
form covalent bonds that satisfy the surface silicon atoms’ valency and render the surface fully
coordinated. These covalent bonds provide chemical stability to the silicon surface. The
covalent bonds also tie up unbound charges that exist on the silicon surface as a result of the
discontinuation of the semiconductor crystal at the surface.

[0042] However, passivation with silicon dioxide has several significant disadvantages. For
example, silicon dioxide is a dielectric insulator that poses a significant barrier to the flow of
current. Accordingly, a layer of silicon dioxide deposited or grown on a silicon surface may
significantly reduce the ability for electrical current to flow through that surface. As a result,
the use of silicon dioxide has been limited in practicality to surfaces external to the active
region of semiconductor devices through which current passes during device operation (e.g.,
as a gate oxide layer). This disadvantage is compounded by the fact that the silicon dioxide
grows very rapidly and readily on the silicon surface so that it is difficult to limit the growth to
a thin layer. Silicon dioxide is also a poor diffusion barrier to semiconductor dopants such as
boron.

[0043] Instead of making use of silicon dioxide then, in one embodiment the present

inventors utilize a nitrided semiconductor surface to provide chemical passivation. That is, a
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nitride layer is introduced to passivate the semiconductor surface by eliminating or at least
reducing the effects of surface states and possibly inhomogeneities. The nitride layer also
displaces the metal from the semiconductor and eliminates or at least reduces the effects of
MIGS. The result of introducing the nitride layer as an interface between the semiconductor
and the metal is a depinning of the Fermi level of the semiconductor. When the Fermi level of
the semiconductor is depinned, the Fermi level of the metal at the interface will be that of the
bulk metal, and will not be dependent upon the interface. In addition to the above, the present
inventors propose techniques for providing non-insulating, passivated semiconductor surfaces
using materials other than nitrogen; for example, oxides, hydrides, arsenides and/or fluorides.
[0044] These developments have wide applicability in connection with the fabrication of
Schottky diodes, Schottky-barrier transistors and other electrical components. For example, in
Schottky diodes, the ability to control the energy barrier height at the diode junction is
important if the device is to be tailored to specific applications. Use of the present techniques
allows for tuning of the barrier height. Further, for other three-terminal devices with
Schottky-barrier-isolated channels, control of device characteristics is made possible through
the present invention by allowing n- and p-type devices to be fabricated without dopants,
relying instead on the use of metals with different work functions.

[0045] Figure 5 shows a semiconductor device 510 that contains a semiconductor 530 and an
interface layer 520 formed on a surface 540 of the semiconductor in accordance with the
present invention. The terms semiconductor device, microelectronic device, monolithic
device, chip, and integrated circuit are often used interchangeably in this field. Any or all
such devices may each contain an interface layer formed on a semiconductor surface in
accordance with the present invention.

[0046] The semiconductor 530 contains a semiconductor material. The term semiconductor
material refers to a material having a bandgap that is greater than about 0.1 eV and less than
about 4 V. The term bandgap refers to an energy gap of forbidden energy levels separating

the conduction band, which is an upper energy band that is mostly devoid of electrons and
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wherein electrons can conduct, and the valence band, which is an energy band that is mostly
filled with electrons and wherein electrons cannot conduct. The semiconductor material may
have a wide range of doping levels including no doping at all.

[0047] The semiconductor 530 has a surface 540 that is passivated by the interface layer 520.
In this context (and as used elsewhere herein) the term passivation means the elimination or at
least the reduction of the effects of surface states due to defects or dangling bonds of the
semiconductor surface 540. Note that passivation does not, as a practical matter, require that
all surface states be eliminated. Rather, it is the effect of surface states on the device
properties that is limited or eliminated in passivation. Note further that the presence of MIGS
may be regarded as a surface state, however, as used herein the term passivation is not meant
to infer the elimination of MIGS (though in some cases, a passivation layer may have
sufficient thickness to provide a separation layer between the semiconductor and the metal
sufficient to reduce or eliminate MIGS). The semiconductor 530 is operable to be electrically
coupled with a first voltage associated with the semiconductor device 510 and to conduct
electrical current 550 across the passivated surface 540.

[0048] The interface layer 520 is formed on the semiconductor 530 and may contain a
passivation material that bonds to the semiconductor material by way of a covalent (or other)
bond formed between the passivation material and the semiconductor material. For example,
an atom of passivation material may covalently bond with a dangling bond of a surface silicon
atom to fully coordinate the silicon atom and thereby help passivate the silicon atom. In some
cases, the passivation material may be the sole component of the interface layer 520, while in
other cases the interface layer 520 may be a compound layer that includes both a passivation
layer and a separation layer. That is, the interface layer serves to (i) chemically passivate the
semiconductor surface 540, and (ii) displace the semiconductor from the metal sufficiently to
eliminate or at least reduce the effect of MIGS. As explained below, this may necessitate
including a separation layer in addition to a passivation layer within the interface layer,

depending on the passivation material selected. Of course, the combination of the passivation
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layer and the separation layer must be sufficiently thin to permit the low specific contact
resistances described herein.

[0049] Different passivation materials are contemplated. According to one embodiment, the
interface layer 520 is formed using a material that is preferably selected from the group
consisting of hydrogen (H), oxygen (O), nitrogen (N), arsenic (As), and fluorine (F) (that is,
the interface layer 520 may include a nitride, an oxide, a hydride, an arsenide and/or a
fluoride). Other materials having chemical characteristics or valences similar to these
materials may also be used. Note that distinct separation layers (i.e., in addition to the
passivation layer(s)) may be needed where H, As, or F passivation layers are used, as these
tend to form monolayer coverage, rather than a layer of a compound with Si of process-
dependent thickness. In contrast, passivation layers made using N and/or O may not require
distinct separation layers, as these elements may form a layer of a compound of Si with a
thickness that can be varied depending on processing.

[0050] Different amounts of passivation material are contemplated to be useful for different
embodiments of the present invention. Often, the interface layer 520 includes or is made up of
a passivation layer with a thickness of between approximately 0.1 nm and about 5 nm. For
example, depending upon the particular implementation, the thickness may be less than about
1 nm, less than about 0.5 nm, less than about 0.2 nm, may be the thickness corresponding to a
single layer or monolayer of passivation material that is bonded to the semiconductor surface,
or may even be the number of atoms of passivation material required to passivate substantially
all the dangling bonds associated with the semiconductor surface 540.

[0051] In some cases, passivation of the semiconductor surface 540 will include removing (or
terminating) dangling bonds located proximate to the surface of the semiconductor material,
including those at the surface as well as those within a few molecular dimensions from the
surface. This process may stabilize the surface of the semiconductor material and may
improve the controllability of subsequent fabrication operations. Passivation may also reduce

the density of surface states that may exist at the semiconductor surface as a result of the
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discontinuation of the semiconductor crystal at the surface. This may improve consistency
and performance of the semiconductor device, inasmuch as such states are known to interfere
with proper device operation. For example, they may provide surface charge states that result

in a pinning of the Fermi level.

II1. Forming Interface Layers

[0052] Exemplary methods for forming interface layers to provide (i) passivation of
semiconductor surfaces, and (ii) displacement of the semiconductor from the metal to
eliminate or at least reduce of the effects of MIGS within the semiconductor when in the
presence of the metal (collectively referred to herein as depinning the Fermi level of the
semiconductor) with hydrogen, fluorine or nitrogen are presented below to further illustrate
the concepts of the present invention. Other passivation materials may include arsenic,
oxygen or an oxynitride, and in some cases such passivation layers are combined with

separation layers (e.g., made of an oxide) to complete the interface layer.

A. Hydrogen And Fluorine

[0053] An interface layer may contain hydrogen, fluorine, or both hydrogen and fluorine
(e.g., in the form of a hydride and/or a fluoride). One method for forming an interface layer
on a semiconductor surface with hydrogen and fluorine includes cleaning the semiconductor
substrate with a cleaning solution, immersing the cleaned substrate in a hydrogen fluoride
solution (or other liquid containing hydrogen and fluorine ions) having an effective
concentration typically between about 1%-50% by weight, waiting an effective period of time,
typically between about several seconds and about 5 minutes, removing the substrate from the
hydrogen fluoride solution, optionally rinsing the substrate in deionized water, and blow-
drying the substrate with nitrogen. Such a method may form an interface layer containing

hydrogen and fluorine that are bonded (e.g., covalently) to the semiconductor surface.
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[0054] It should be noted that long rinses in deionized water, generally longer than about 30
seconds, might remove the hydrogen passivation. Thus, deionized water rinses might
advantageously be kept to less than about 30 seconds to maintain the hydrogen passivation of
the surface. Also, the higher the concentration of the hydrogen fluoride during the immersion,
the greater the concentration of fluorine passivation. Finally, methods are also contemplated
where the ratio of hydrogen to fluorine passivation is altered by removing either the hydrogen
or the fluorine.

[0055] An interface layer formed in this fashion may be best suited for applications where a
subsequent metal layer is deposited over the interface layer in a generally non-invasive
fashion, for example using a thermally evaporated source. Experiments by the present
inventors to date suggest that using other approaches (e.g., plasma deposition) may cause
damage to the thin (e.g., monolayer thick) interface layer contemplated as part of the present

invention.

B. Nitrogen

[0056] In a further embodiment, an interface layer may contain nitrogen (e.g., in the form of
silicon nitride). One method for forming an interface over a semiconductor surface with
nitrogen includes heating a substrate containing the semiconductor surface in the presence of a
nitrogenous material (that is, a gas or other material containing nitrogen). For example, a
substrate containing an exposed silicon surface may be annealed at a temperature between
about 300°C and about 750°C, which is lower than temperatures conventionally used for
Rapid Thermal Nitridation (RTN), under a gaseous ambient having, for example, ammonia
(NH,) at some effective partial pressure. By exposed, we mean a clean surface, free of
everything except silicon. Such a method may form an interface layer containing nitrogen,
often in the form of a nitride, bonded to the semiconductor surface. Note that the present
inventors have observed indications suggesting that in these low temperature conditions

interface layer growth is self-limiting, depending only on temperature.
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[0057] According to another embodiment, an interface layer that includes nitrogen may be
formed on an exposed surface of a semiconductor material by a method that includes heating a
semiconductor material to a substantially high temperature under vacuum and exposing the
semiconductor material to a substantially small amount of a nitrogenous material, such as
ammonia. The method may include placing a semiconductor having an exposed
semiconductor surface in a heating chamber, pulling a vacuum of less than about one millionth
of a Torr, or more favorably an ultra high vacuum of less than 10”° Torr, and then heating the
semiconductor in the heating chamber to a substantially high temperature. The higher the
vacuum, the longer the substrate may be heated without growth of an oxide from residual
oxygen or water in the chamber. Thus, the process may include heating the semiconductor to
a temperature that is between about 900°C and about 1000°C, or higher, in an inert ambient.
As desired, the semiconductor may be exposed to hydrogen gas, or an equivalent, to reduce
any native oxide on the semiconductor. These high temperatures may provide for greater
passivation of the semiconductor surface as compared with results that may be achieved at
lower temperatures.

[0058] Then, the heated semiconductor may be exposed to a substantially small amount of a
nitrogenous material, such as ammonia. This may include exposing the semiconductor surface
to ammonia for a substantially short period of time. For example, the surface may be
subjected to a burst or pulse of ammonia lasting for a time period between about 0.5 seconds
and about 5 seconds. Alternatively, the surface may be exposed to a controlled, small amount
of ammonia over an arbitrarily longer period of time. In this way, the substantially small
amount of ammonia will react with the surface to form a nitrogenous interface layer, such as a
nitride layer, thereon and then further growth of the interface layer will cease. Then the
semiconductor may be cooled from the substantially high temperature to ambient temperature
and removed from the heating chamber. Further annealing of the substrate and the grown
nitride layer may also be performed in the vacuum chamber before removal, at a substantially

elevated temperature between about 700°C and 1000°C, or higher.
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[0059] Advantageously, it has been unexpectedly observed that a process such as that
described above and incorporating substantially high temperature exposure for substantially
short periods may be used to controllably form thin yet effective interface layers. That is, the
present inventors have observed that in the creation of thin interface layers that include
nitrogenous materials, temperature appears to be a dominant factor in controlling thickness.
For example, by such methods effective interface layers may be formed having a thickness
that is less than about 1 nm, less than about 0.5 nm, less than about 0.2 nm, or having a
thickness that corresponds to essentially a single monolayer sufficient to passivate essentially
all dangling bonds proximate the semiconductor surface.

[0060] Further, thin interface layers may be advantageously grown on a semiconductor in the
presence of nitrogen gas, or other inert nitrogen-containing gas. The reaction rate of a
semiconductor such as silicon with nitrogen gas is significantly lower than that of a reactive
nitrogen-containing gas such as ammonia. The slow growth rate may be desirable for better
control of the growth of films of nitrogen on a semiconductor of a thickness of less than about
1 nm, less than about 0.5 nm, less than about 0.2 nm, or having a thickness that corresponds to
essentially a single monolayer sufficient to passivate essentially all dangling bonds proximate

the silicon surface.

IV. Diodes Containing Passivated Semiconductor Surfaces

[0061] Diodes made from Schottky barriers (i.e., asymmetric electrical potentials formed at a
junction between a metal and a semiconductor) are widely used in rectifiers in power supply
and control applications. As used herein, the terms Schottky diode, metal-semiconductor
junction diode, diode, and rectifier are all related and appear in order from more specific at the
left to more general at the right. Likewise, the terms Schottky barrier, metal-semiconductor

barrier, conductor-semiconductor junction, and multi-material junction are all related and
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appear in order from more specific at the left to more general at the right. The term Schottky
diode will be used to refer to a diode containing a Schottky barrier.

[0062] As mentioned above, the present inventors have devised a scheme to control or adjust
a Schottky barrier height by forming an interface layer (which includes or sometimes consists
of a passivation layer that includes an oxide, oxynitride, nitride, arsenide, hydride, fluoride, or
an equivalent) between a metal and a semiconductor. This scheme differs from past attempts
by others to control barrier height, which attempts generally involved either using a silicide as
a contact metal (and thus limiting the choices of available contact metals to those that can
form silicides), or using esoteric substrates that exhibit wide bandgaps. Further, in previous
devices the Fermi level of the semiconductor remains pinned, with the barrier height being
virtually independent of the metal used. Finally, doping of substrates has also been attempted,
however, it has not been shown to truly affect the barrier height of the substrate material. For
example, PtSi contacts have reduced resistance due to high silicon doping such that the current
across the junction is dominated by tunneling through the barrier. Doping may thus lead to
cases where the top of the barrier may be so thin as to be essentially transparent to electrons,
however, doping does not appear to allow actual tuning of the barrier height.

[0063] Figure 6 shows an example of a diode 600 containing, according to one embodiment
of the present invention, an interface layer 620 disposed between and attached to both a
semiconductor 610 and a conductor 630. The conductor and the semiconductor are operable
to be electrically coupled with different voltages associated with the operation of the diode
600 and to pass electrical current through a passivated semiconductor surface formed at the
junction between the semiconductor 610 and the interface layer 620.

[0064] The conductor 630 contains a conductive material such as a metal or an alloy of a
metal. The terms metal, conductive material, and conductor are all related and appear in order
from specific at the left to general at the right. In general, the terms refer to a highly
electrically conductive substance that has a Fermi energy level that sits in a partially filled

band. Unless otherwise specified, conductors include metals (e.g., pure metals and alloys),
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and other conductors such as doped polysilicon (a nonporous silicon containing randomly
oriented crystallites), doped single crystal silicon, and metal silicides. Note that alloys may
have workfunctions different than their constituents and may be designed to have specific
workfunctions though selective use of ratios of the constituent metals.

[0065] Often, the conductor is a metal since metals may offer advantages over conductive
semiconductors including lower resistance, higher carrier mobilities that provide superior high
frequency performance and switching, favorable low power characteristics, and ease of
manufacturing control. Use of metals may also avoid the need to perform semiconductor ‘
doping, which may simplify manufacturing and improve quality control.

[0066] Metals that are contemplated include pure metals, alloys, refractory metals, metals
that do not form silicides, metals physically deposited by substantially non-invasive processes
such as by condensation of a thermally evaporated metal vapor, and metals having a
predetermined work function. The use of non-invasively deposited metals may allow for
forming the metal on a thin interface layer without disrupting the passivation properties of the
layer.

[0067] A metal having a predetermined work function may be a metal having a work function
smaller or greater than that of the semiconductor, depending on the desired application. Often,
the semiconductor will be silicon. In this case by the work function of a semiconductor or
silicon we mean the energy in the middle of the semiconductor bandgap. Exemplary metals

that have a work function smaller than silicon include Group 3A elements, aluminum (Al),

indium (In), titanium (T1), chromium (Cr), tantalum (Ta), cesium (Cs), magnesium (Mg), |
erbium (Er), ytterbium (Yb), manganese (Mn), lead (Pb), silver (Ag), yttrium (Y), and zinc

(Zn). Exemplary metals that have a work function greater than silicon include platinum (Pt),

gold (Au), tungsten (W), nickel (Ni), molybdenum (Mo), copper (Cu), cobalt (Co), and

palladium (Pd).

[0068] The semiconductor-interface layer-conductor configuration illustrated in Figure 6

defines what the present inventors have chosen to call a “passivated Schottky barrier”. The
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passivated Schottky barrier is a naturally formed electrical potential barrier to an electron or
hole at the Fermi energy (the electrochemical potential) in the conductor due to a depletion
region formed in the semiconductor adjacent the conductor. The passivated Schottky barrier
may deviate in barrier height from a standard un-passivated Schottky barrier that would form
naturally at a contact junction between the semiconductor and the conductor without the
interface layer disposed therebetween. That is, the passivated Schottky barrier may have a
barrier height that depends predominantly upon the bulk characteristics of the semiconductor
and the conductor, rather than on surface properties, and may depend in part on the
characteristics of the interface layer.

[0069] Indeed, the present inventors have determined that changes in barrier height are
approximately monotonic and continuous for variations in surface passivation thickness by
nitridation of the semiconductor substrate. More specifically, experiments by the present
inventors in a regime where the nitride layer is sufficiently thick to remove MIGS show that
temperature of interface layer formation has the strongest effect on barrier height. In other
regimes, thickness may be critical. Ideally, if all surface states are removed, barrier height
should be controllable simply by the choice of metal used.

[0070] To understand why thickness of the interface layer is important, refer briefly to
Figure 8 where a graph of interface-specific contact resistance versus interface thickness is
shown. The graph is for a structure where the workfunction of the metal is the same as the
electron affinity in the semiconductor, such that the Fermi level of the metal lines up with the
conduction band of the semiconductor. At large thicknesses, the interface layer poses
significant resistance to current. As thickness decreases, resistance falls due to increased
tunneling current. However, there comes a point where even as the interface layer continues to
get thinner, resistance increases. This is due to the effect of MIGS, which increasingly pull
the Fermi level of the metal down towards mid-gap of the semiconductor, creating a Schottky
barrier. The present inventors have discovered that this competition results in an optimum

thickness, as shown in the illustration, where the resistance is a minimum. At this thickness
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the effect of MIGS has been sufficiently reduced to depin the metal and lower the Schottky
barrier, and the layer is still sufficiently thin to allow significant current flow across the
interface layer. Contact resistances of less than or equal to approximately 2500 Q-pm?, 1000
Q-pm?, 100 Q-pm?, 50 Q-pm?, 10 Q-pm’ or even less than or equal to 1 Q-pm’ may be
achieved.

[0071] Characteristics that may be adjusted to provide a desired barrier height thus include
the passivation material used (e.g., selection based on bandgap), the interface layer thickness
(e.g., especially where the interface layer is a compound layer formed of a passivation layer
and a separation layer), the method of forming the interface layer (e.g., control of parameters
such as temperature), the interface layer thickness that is substantially similar to a penetration
depth of MIGS formed at a metal interface, the metal used for the source and/or drain, and
other characteristics.

[0072] One advantage of the ability to adjust the Schottky barrier height with the introduction
of interface layer 620 is the ability to form a substantially high barrier height. For example, an
interface layer may be used to create a Schottky barrier having a barrier height that is greater
than can be achieved through the use of metal silicides, greater than about 2.0 eV, or greater
than about 2.5 eV (using a semiconductor with a bandgap at least this large), or nearly 1.0 V
using silicon. Such high barrier heights imply the ability to withstand high voltages before
breakdown occurs. Thus, Schottky barriers having such high barrier heights may be
particularly useful in high-voltage Schottky diodes.

[0073] Another advantage achieved through the use of the interface layer 620 is greater
flexibility afforded in selecting a conductor 630. Typically, metals chosen for application in
classic Schottky diodes are those that can form a silicide with a silicon semiconductor. The
formation of the silicide helps to reduce surface states (resulting from dangling bonds), but not
the effects of MIGS. Thus, the Fermi level at the semiconductor surface is still pinned. Using

metals that form silicides upon contact with silicon may thus help to make the devices more
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reproducible in a manufacturing environment, but such devices still suffer from the drawback
of having a barrier height that is fixed.

[0074] According to one embodiment of the present invention, however, one may select a
conductor that is not able (or not readily able) to form a silicide with the semiconductor. The
metal silicide is not needed because the interface layer provided in accordance with the
present invention passivates the semiconductor surface and also reduces or eliminates the
effect of MIGS. This may allow for selection of a metal that has properties such as a desirable
work function or Fermi level energy, even though that metal may not form a metal silicide.
[0075] For example, to make large-barrier diodes, for an n-type doped silicon semiconductor,
a metal may be selected that has a work function that is either substantially equal to the
valence band energy of the semiconductor or that is within about 0.1 eV to about 0.3 eV of the
valence band energy of the semiconductor. Similarly, for a p-type doped silicon
semiconductor, a metal may be selected that has a work function substantially equal to the
conduction band energy of the semiconductor. For Schottky diodes configured in accordance
with the present invention, the Fermi level of the metal may lie anywhere in the bandgap of
the semiconductor when an interface layer is disposed within the junction, resulting in diodes
of various barrier heights. The Fermi level of the metal may also lie in the conduction or
valence band of the semiconductor.

[0076] The use of interface layer 620 thus provides a way to tune, adjust, or control the
height of the barrier between the conductor and the semiconductor. Without the interface
layer 620, the barrier height would be substantially un-tunable, un-adjustable, and fixed (as
discussed above).

[0077] The role played by interface layer 620 in tuning, adjusting, or controlling the height of
the barrier between the conductor 630 and the semiconductor 610 may be understood as a
depinning of the Fermi level of the semiconductor. That is, the interface layer may reduce
surface states by bonding to the semiconductor material to consume dangling bonds.

Additionally, the interface layer may reduce the formation of MIGS in the semiconductor by
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providing a thickness and bandgap that prevent the electron wave function (of the metal) from
penetrating into the semiconductor. The electron wave function may instead penetrate into the
interface layer and form MIGS within the interface layer at an energy related to the states of
the interface layer material. As desired, the density of the MIGS and the depth of MIGS
penetration into the interface layer may be reduced by choosing an interface layer material or
materials having a larger bandgap or higher effective mass than the semiconductor.

[0078] According to one embodiment of the present invention then, the interface layer 620 is
incorporated into a device operable to pass current through the semiconductor surface and the
interface layer during device operation. In such an embodiment, it may be desirable to use an
interface layer having a thickness of a monolayer, or, for example between about 0.1 nm and
about 0.3 nm, and also having a wide bandgap (as compared to that of the semiconductor) so
that the interface layer both de-pins the Fermi level (so that the barrier height depends
predominantly on bulk properties of the junction materials) and allows sufficient current
transfer across it. Advantageously, such interface layers may be sufficiently thin to provide
low impedance to current flow (due to the exponential dependence of direct tunneling on
barrier thickness), which is desirable for many semiconductor devices, while also providing
sufficient semiconductor surface passivation to allow an adjustable barrier height. That is, the
interface layer may allow passivation of surface states and reduction (or elimination ) of
MIGS in the semiconductor to allow for an adjustable barrier height with a substantially thin
layer that allows sufficient current to be transferred across the interface layer.

[0079] There are several methods by which the barrier height can be made adjustable. For
example, adjustment may be made by tuning the degree of Fermi level pinning. In other
words, some embodiments may allow for a sufficiently thin interface layer so that not all of
the effects of MIGS in the Si are eliminated. Further, the pinning may be varied by
combinations of thickness of the interface layer and the choice of interface material. The metal
in contact with the interface layer may be pinned by MIGS at different levels in different

materials. Conversely, or in addition, the passivation may be left incomplete to allow for an
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effective level of unpassivated states. Complete depinning of the Fermi level (that is removal
of all surface states in Si including MIGS) is another option, in which case one could tune the
barrier height simply by choosing a pure metal or an alloy that possesses the desired
workfunction. In that case, the barrier height is determined by Equation (1), which until now
has been an unrealizable idealization. Note that the type of tuning being discussed here is
adjustment of the barrier height by altering the structure of the junction at the time of
manufacture, not by varying an externally applied condition during junction operation.

[0080] Figure 7a — 7d show relationships between Fermi energy, conduction band energy,
and valence band energy for various Schottky barriers containing a metal in contact with (or in
close proximity to) a semiconductor, where the bandgap (E,) of the semiconductor exists
between the conduction band (E,) and the valence band (E,). In this example, the work
function of the metal @y is chosen to be approximately equal to the electron affinity x¢ of the
semiconductor. In Figure 7a, an unpassivated Schottky barrier 700 is shown. In this
example, the Fermi level (Eg) of the metal 730 is pinned in the bandgap of the semiconductor
710. This results in a discontinuity in the vacuum level caused by a charged dipole at the
interface.

[0081] In Figure 7b, the interface layer 720b is thick enough to passivate dangling bonds at
the surface of the semiconductor 710, but not thick enough to eliminate or sufficiently reduce
the effect of MIGS. As a result, the band structure is largely unaltered from that seen in the
previous illustration. Similarly, in Figure 7¢, when the interface layer 720c is sufficiently
thick to eliminate or reduce the effect of MIGS but not to passivate the semiconductor surface,
little change in the energy band structure is observed. However, as shown in Figure 7d, when
the interface layer 720d is sufficient to both eliminate or reduce the effect of MIGS and to
passivate the semiconductor surface, we see the Fermi level of the metal aligning with the
conduction band of the semiconductor (i.e., the Fermi level of the semiconductor has been
depinned and no longer lines up with the Fermi level of the metal). The vacuum level is now

continuous as there is no charged dipole at the interface. Thus, the band structure of a device
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constructed in this fashion is a result of only bulk material properties, not properties of the
surface. By way of example, the materials in such cases may be Al and Si, with a work
function for Al of approximately @y = 4.1 €V and the electron affinity for Si of

approximately xg = 4.05 V.

V. Transistors Containing Passivated Semiconductor Surfaces

[0082] The interface layers described herein may be used in connection with a semiconductor
surface of a channel in a field effect transistor. That is, an interface layer may be disposed
between a source and a channel, a channel and a drain, or both of an insulated gate field effect

transistor. Such use of an interface layer is described in detail in co-pending U.S. Patent

Application No.: entitled “INSULATED GATE FIELD EFFECT
TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL”,
filed , 2002 by the present inventors, and assigned to the assignee of the present
invention.

[0083] The source and drain contacts at the channel of a field effect transistor are examples of
a broader category of metal-interface layer-semiconductor contacts that make up the present
invention. In the past, such contacts generally comprised a silicide-n"-Si junction, which
formed a somewhat “leaky” Schottky diode, with a Fermi level of the semiconductor pinned at
the midgap. In contrast, the present invention provides a contact wherein the Fermi level of
the metal is aligned with the conduction band of the semiconductor (e.g., as shown in Figure
7d). Note that in other cases, depending on the type of semiconductor material and conductors
used, the Fermi level of the metal may align with the valence band of the semiconductor.
[0084] Although both types of junctions (i.e., the new passivated Schottky barrier junction
and the conventional silicide-semiconductor junction) permit tunneling currents, the present
junction can be fabricated with a much thinner interface layer as compared to the thickness of
the silicide layer used previously. Indeed, thickness of an order of magnitude less than the

silicide thickness can be expected. In a conventional silicide — semiconductor junction a
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Schottky barrier is formed which is comprised of a depletion layer. The tunnel barrier
presented by such a depletion layer may be an order of magnitude thicker than the dielectric
tunnel barrier in the present invention. The thinner interface layers provided by the present
invention permit higher current across the junction (i.e., lower junction specific contact
resistance).

[0085] Two other properties of the dielectric deserve mention. First is the property of the
height of the barrier compared to the semiconductor conduction band (for electrons). In
making the barrier thinner than a silicide barrier, the tradeoff may be a higher tunnel barrier
(e.g., 2 eV for nitride, compared with about half the gap of 0.6 eV for silicide). Spacer layers
may be used with lower barriers (e.g., TiO, has a barrier of less than 1 ¢V). Nevertheless, even
with the higher barrier to electrons, the present inventors have determined that the resistance
can still be one hundred times lower than a contact to silicon with a silicide barrier.

[0086] The second property is the effective mass of electrons in the dielectric. Larger mass
electrons will not penetrate as far (i.e., because of their shorter wavelength) from the metal
into the semiconductor. The less the electrons penetrate into the dielectric, the less the effect
of MIGS in the dielectric. Thus, MIGS in the dielectric are reduced with larger bandgap and
larger effective mass.

[0087] In addition the junction of the present invention can be used in making contacts to
source or drain implanted wells and will have the advantage of reducing the need for high
doping levels (which are now reaching their limits of solid solubility). The high doping
profiles were required in the past in order to keep the junction depletion layer relatively thin,
so as to increase the tunneling current, thus reducing the junction resistance. However, it is
becoming increasingly difficult to increase doping profiles in order to provide low resistance
junctions. It may be possible to reach the same level of resistance with a lower doping
concentration using the present invention. It may further be possible to achieve much lower
resistance even with lower doping concentration. When the present invention is used with high

doping levels, the resistance will be further reduced.
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[0088] Thus, methods and applications for semiconductor-interface layer-metal junctions
have been described. Although described with reference to specific embodiments it should be
remembered that various modifications and changes may be made to the techniques described
herein without departing from the broader spirit and scope of the invention. The specification
and drawings are accordingly to be regarded in an illustrative rather than a restrictive sense

and the invention measured only in terms of the claims, which follow.
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CLAIMS

What is claimed is:

1. An electrical device, comprising:
a metal;
a silicon-based semiconductor having a Fermi level; and
an interface layer disposed between and in contact with both the metal and the
semiconductor and configured to depin the Fermi level of the semiconductor,

wherein the electrical device has a specific contact resistance of less than or

equal to approximately 1000 Q— um?.

2. The electrical device of claim 1 wherein the interface layer includes a passivating
material.
3. The electrical device of claim 2 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

4. The electrical device of claim 3 wherein the interface layer consists essentially of a

monolayer configured to depin the Fermi level of the semiconductor.

5. The electrical device of claim 2 wherein the interface layer further includes a

separation layer.

6. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 100 Q— um?.
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7. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 50 Q-um’.

8. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 10 Q-pm®.

9, The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q-um’.

10. The electrical device of claim 1 wherein the interface layer comprises a passivation

layer fabricated by heating the semiconductor in the presence of nitrogenous material.

11. The electrical device of claim 10 wherein the nitrogenous material comprises at least

one of ammonia (NHj3), nitrogen (N3) or unbound nitrogen (N).

12. An electrical device, comprising a metal — interface layer — Si-based semiconductor
junction in which the interface layer includes a passivating material and the electrical device

has a specific contact resistance of less than approximately 1000 Q-pm’.

13. The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm?,

14, The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm’.

15. The electrical device of claim 12 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm?.
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16. The electrical device of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q-pm®.

17. The electrical device of claim 12, wherein the passivating material comprises one or

more of a nitride, an oxide, an oxynitride a hydride, a fluoride and/or an arsenide of silicon.

18. The electrical device of claim 17, wherein the interface layer comprises a passivation

layer and a separation layer.

19. A method, comprising depinning a Fermi level of a silicon-based semiconductor in an
electrical junction through the use of an interface layer disposed between a surface of the
semiconductor and a conductor, wherein the interface layer (i) has a thickness sufficient to
reduce effects of metal-induced gap states in the semiconductor while providing the junction

with a specific contact resistance of less than approximately 1000 Q- um? | and (ii)

passivates the surface of the semiconductor.

20. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 100 Q-pum?.

21. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 50 Q-pm?.

22, The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 10 Q-pm?,

23. The method of claim 19 wherein the specific contact resistance is less than or equal to

approximately 1 Q-pm?.
Attorney Docket No.: 003771.P003 35 Patent Application
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24, The method of claim 19 wherein the interface layer has a thickness sufficient to
provide a specific contact resistance of the electrical junction of less than or equal to

approximately 1 Q-pm’,

25, The method of claim 19 wherein the interface layer includes a passivating material
selected from the list comprising: an arsenide, a hydride, a fluoride, an oxide, an oxynitride

and a nitride of silicon.

26. The method of claim 25 wherein the interface layer consists essentially of a
monolayer.
27. The method of claim 19 wherein the interface layer is grown on the semiconductor

surface at temperatures above approximately 300 °C.

28. The method of claim 27 wherein the interface layer is grown in the presence of a

nitrogenous material.

29. The method of claim 28 wherein the nitrogenous material comprises one of ammonia

(NH3), nitrogen (N), or unbound nitrogen (N).

30. The method of claim 19 wherein the interface layer includes a passivation layer grown

by immersion of the semiconductor in a liquid containing hydrogen and fluorine ions.

31. An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness that

allows a Fermi level of the conductor to align with a conduction band of the semiconductor,

Attorney Docket No.: 003771.P003 36 Patent Application
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wherein the electrical device has a specific contact resistance less than approximately 1000 Q-

um’,

32. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm?.

33. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm’.

34, The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm?.

35. The electrical device of claim 31 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pum?,

36. An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness that
allows a Fermi level of the conductor to align with a valence band of the semiconductor,
wherein the electrical device has a specific contact resistance less than approximately 1000 Q-

pm®,

37. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm?.

38. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm?,
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39. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm?,

40. The electrical device of claim 36 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm’.

41. An electrical device, comprising a junction between a Si-based semiconductor and a

conductor separated from the semiconductor by an interface layer having a thickness that
allows a Fermi level of the semiconductor to be independent of a Fermi level of the conductor,
wherein the electrical device has a specific contact resistance less than approximately 1000 Q-

um’,

42. The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 100 Q-pm’.

43, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 50 Q-pm?.

44, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pm?,

45, The electrical device of claim 41 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm?.

46. An electrical device, comprising:

a silicon-based semiconductor of either n-type or p-type semiconductor

material;
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a metal having a workfunction approximately equal to a conduction band of
the semiconductor if the semiconductor is of n-type semiconductor material or having
a workfunction approximately equal to a valence band of the semiconductor if the
semiconductor is of p-type semiconductor material; and

an interface layer disposed between and in contact with both the
semiconductor and the metal, wherein the electrical device has a specific contact

resistance of less than or approximately equal to 1000 Q-pm’.

47. The electrical device of claim 46 wherein the interface layer includes a passivating
material.
48. The electrical device of claim 47 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

49. The electrical device of claim 48 wherein the interface layer consists essentially of a

monolayer configured to depin a Fermi level of the semiconductor.

50. The electrical device of claim 47 wherein the interface layer further includes a

separation layer.

51. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 100 Q— um 2,

52. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 50 Q-um>,
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53. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 10 Q-pum’.

54. The electrical device of claim 46 wherein the specific contact resistance is less than

or equal to approximately 1 Q-pm?.

55. The electrical device of claim 46 wherein the interface layer comprises a passivation

layer fabricated by heating the semiconductor in the presence of nitrogenous material.

56. The electrical device of claim 55 wherein the nitrogenous material comprises at least

one of ammonia (NH;), nitrogen (N,) or unbound nitrogen (N).

57. An electrical device, comprising:

a silicon-based semiconductor of either #-type or p-type semiconductor
material;

a metal having a workfunction near or substantially equal to a conduction
band edge of the semiconductor if the semiconductor is of p-type semiconductor
material, or having a workfunction near or substantially equal to a valence band edge
of the semiconductor if the semiconductor is of n-type semiconductor material; and

an interface layer disposed between and in contact with both the

semiconductor and the metal and configured to depin a Fermi level of the

semiconductor.
58. The electrical device of claim 57 wherein the interface layer includes a passivating
material.
Attorney Docket No.: 003771.P003 40 Patent Application
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59. The electrical device of claim 58 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

60. The electrical device of claim 57 wherein the interface layer consists essentially of a

monolayer configured to depin a Fermi level of the semiconductor.

61. The electrical device of claim 57 wherein the interface layer further includes a

separation layer. N
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ABSTRACT

J

[0089] An electrical device in which an interface layer is disposed between and in contact
with a metal and a Si-based semiconductor, the interface layer being of a thickness effective to
depin of the Fermi level of the semiconductor while still permitting current to flow between
the metal and the semiconductor. The interface layer may include a layer of a passivating
material (e.g., made from nitrogen, oxygen, oxynitride, arsenic, hydrogen and/or fluorine) and
sometimes also includes a separation layer. In some cases, the interface layer may be a
monolayer of a semiconductor passivating material. The interface layer thickness corresponds
to a minimum specific contact resistance of less than or equal to 10 Q-um’ or even less than or

equal to 1 Q-um’ for the electrical device.
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Attorney's Docket No.: 3771P003 Patent

DECLARATION AND POWER OF ATTORNEY FOR PATENT APPLICATION

As a below named inventor, | hereby declare that:
My residence, post office address and citizenship are as stated below, next to my name.

| believe | am the original, first, and sole inventor (if only one name is listed below) or an original, first,
and joint inventor (if plural names are listed below) of the subject matter which is claimed and for
which a patent is sought on the invention entitled

METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN
ELECTRICAL JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

the specification of which

X is attached hereto.
was filed on (MM/DD/YYYY) _
as
United States Application Number
or PCT International Application Number
and was amended on (MM/DD/YYYY)

(if applicable)

| hereby state that | have reviewed and understand the contents of the above-identified
specification, including the claim(s), as amended by any amendment referred to above. | do not
know and do not believe that the claimed invention was ever known or used in the United States of
America before my invention thereof, or patented or described in any printed publication in any
country before my invention thereof or more than one year prior to this application. | do not know
and do not believe that the claimed invention was in public use or on sale in the United States of
America more than one year prior to this application, nor do | know or believe that the invention has
been patented or made the subject of an inventor's certificate issued before the date of this
application in any country foreign to the United States of America on an application filed by me or my
legal representatives or assigns more than twelve months (for a utility patent application) or six
months (for a design patent application) prior to this application.

| acknowledge the duty to disclose all information known to me to be material to patentability as
defined in Title 37, Code of Federal Regulations, Section 1.56.

I hereby claim foreign priority benefits under Title 35, United States Code, Section 119(a)-(d), of any
foreign application(s) for patent or inventor's certificate listed below and have also identified below
any foreign application for patent or inventor's certificate having a filing date before that of the
application on which priority is claimed:
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Priority
Prior Foreign Application(s) Claimed

(Number) (Country) (Foreign Filing Date - Yes No
MM/DD/YYYY)

(Number) (Country) (Foreign Filing Date - Yes No
MM/DD/YYYY)

(Number) (Country) (Foreign Filing Date - Yes No
MM/DD/YYYY)

I hereby claim the benefit under title 35, United States Code, Section 119(e) of any United States
provisional application(s) listed below:

(Application Number) (Filing Date - MM/DD/YYYY)

(Application Number) (Filing Date — MM/DD/YYYY)

| hereby claim the benefit under Title 35, United States Code, Section 120 of any United States
application(s) listed below and, insofar as the subject matter of each of the claims of this application
is not disclosed in the prior United States application in the manner provided by the first paragraph
of Title 35, United States Code, Section 112, | acknowledge the duty to disclose all information
known to me to be material to patentability as defined in Title 37, Code of Federal Regulations,
Section 1.56 which became available between the filing date of the prior application and the national
or PCT international filing date of this application:

(Application Number) (Filing Date — MM/DD/YYYY) (Status -- patented,
pending, abandoned)

{(Application Number) (Filing Date — MM/DD/YYYY) (Status -- patented,
pending, abandoned)

| hereby appoint the persons listed on Appendix A hereto (which is incorporated by reference and a
part of this document) as my respective patent attorneys and patent agents, with full power of
substitution and revocation, to prosecute this application and to transact all business in the Patent
and Trademark Office connected herewith.

Send correspondence Tarek N. Fahmi, Reqg. No. 41,402 , BLAKELY,
SOKOLOFF, TAYLOR &

(Name of Attorney or Agent)
ZAFMAN LLP, 12400 Wilshire Boulevard 7th Floor, Los Angeles, California
90025 and direct telephone calls to Tarek N. Fahmi, (408) 720-
8300.

(Name of Attorney or Agent)
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| hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to
be true; and further that these statements were made with the knowledge
that willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States
Code and that such willful false statements may jeopardize the validity of
the application or any patent issued thereon.

Full Name of Sole/First Inventor DANIEL E. GRUPP

Inventor's Signature »4(’ 7{W Date Xj/’? /07"

Residence PALS ALT © / cA Citizenship USA
(City, State) (Country)

Post Office Address _23 Y C(ELA~D AVE:

Full Name of Second/Jgint Inventor DANIEL J. SQNNELLY

Inventor's Signature :ﬁ M Date 6 Aﬁ 2 .00,

Residence _ REDWlooD TV A Citizenship _USA
(City, S{tate) (Country)

Post Office Address ___ 528 Qd]:,gEQ\'—‘dZD A-\IF'

o
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APPENDIX A

Ramin Aghevli, Reg. No. 43,462; William E. Alford, Reg. No. 37,764; Farzad E. Amini, Reg. No. 42,261;
W. Thomas Babbitt, Reg. No. 39,591; Jordan M. Becker, Reg. No. 39,602; Michae! A. Bernadicou, Reg.
No. 35,934; Roger W. Blakely, Jr., Reg. No. 25,831; R. Alan Burnett, Reg. No. 46,149; Daniel J. Burns,
Reg. No. 50,222; Gregory D. Caldwell, Reg. No. 39,926; Thomas M. Coester, Reg. No. 39,637; Robert P.
Cogan, Reg. No. 25,049; Donna Jo Coningsby, Reg. No. 41,684; Florin A. Corie, Reg. No. 46,244; Mimi
D. Dao, Reg. No. 45,628; Stephen M. De Klerk, Reg. No. 46,503; Daniel M. De Vos, Reg. No. 37,813;
Justin M. Dillon, Reg. No. 42,486; Sanjeet Dutta, Reg. No. 46,145; Tarek N. Fahmi, Reg. No. 41,402;
Mark C. Farrell, Reg. No. 45,988; Thomas S. Ferrill, Reg. No. 42,532; Kyle H. Flindt, Reg. No. 42,539;
George L. Fountain, Reg. No. 37,374; Andre M. Gibbs, Reg. No. 47,593; James Y. Go, Reg. No. 40,621;
Mark A. Goldstein, Reg. No. 50,759; Alan E. Heimlich, Reg. No. 48,808; James A. Henry, Reg. No.
41,064; Willmore F. Holbrow lIl, Reg. No. 41,845; Sheryl Sue Holloway, Reg. No. 37,850; George W
Hoover I, Reg. No. 32,992; Libby H. Hope, Reg. No. 46,774; Eric S. Hyman, Reg. No. 30,139; William
W. Kidd, Reg. No. 31,772; Walter T. Kim, Reg. No. 42,731; Eric T. King, Reg. No. 44,188, Steve Laut,
Reg. No. 47,736; Suk S. Lee, Reg. No. 47,745; Gordon R. Lindeen lll, Reg. No. 33,192; Jan C. Little,
Reg. No. 41,181; Julio Loza, Reg. No. 47,758; Joseph Lutz, Reg. No. 43,765; Lawrence Lycke, Reg.
No. 38,540; Michael J. Maliie, Reg. No. 36,591; Andre L. Marais, Reg. No. 48,095; Raul D. Martinez, Reg.
No. 46,904; Paul A. Mendonsa, Reg. No. 42,879; Clive D. Menezes, Reg. No. 45,493; Jonathan S. Miller,
Reg. No. 48,534; Richard A. Nakashima, Reg. No. 42,023; Thien T. Nguyen, Reg. No. 43,835; Thinh V.
Nguyen, Reg. No. 42,034; Robert B. O'Rourke, Reg. No. 46,972; Daniel E. Ovanezian, Reg. No. 41,236;
Gregg A. Peacock, Reg. No. 45,001; Marina Portnova, Reg. No. 45,750; Michael A. Proksch, Reg. No.
43,021; William F. Ryann, Reg. 44,313; James H. Salter, Reg. No. 35,668; William W. Schaal, Reg. No.
39,018; James C. Scheller, Reg. No. 31,195; Jeffrey S. Schubert, Reg. No. 43,098; Saina S. Shamilov,
Reg. No. 48,266; Kevin G. Shao, Reg. No. 45,095; Stanley W. Sokoloff, Reg. No. 25,128; Judith A.
Szepesi, Reg. No. 39,393; Ronald S. Tamura, Reg. No. 43,179; Edwin H. Taylor, Reg. No. 25,129;
Lance A. Termes, Reg. No. 43,184; John F. Travis, Reg. No. 43,203; Thomas J. Treutler, Reg. No.
51,126; Kerry D. Tweet, Reg. No. 45,959; Mark C. Van Ness, Reg. No. 39,865; Thomas A. Van Zandt,
Reg. No. 43,219; Lester J. Vincent, Reg. No. 31,460; Archana B. Vittal, Reg. No. 45,182; Glenn E. Von
Tersch, Reg. No. 41,364; John P. Ward, Reg. No. 40,216; Mark L. Watson, Reg. No. 46,322; Thomas
C. Webster, Reg. No. 46,154; Linda S. Zachariah, Reg. No. 48,057; and Norman Zafman, Reg. No.
26,250; my patent attorneys, and William E. Hickman, Reg. No. 46,771, Brent E. Vecchia, Reg. No.
48,011, and Lehua Wang, Reg. No. 48,023; my patent agents, of BLAKELY SOKOLOFF TAYLOR &
ZAFMAN LLP, with offices located at 12400 Wilshire Boulevard, 7th Floor, Los Angeles, California
90025, telephone (310) 207-3800, and James R. Thein, Reg. No. 31,710, my patent attorney with full
power of substitution and revocation, to prosecute this application and to transact all business in the
Patent and Trademark Office connected herewith.
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APPENDIX B

Title 37, Code of Federal Regulations, Section 1.56
Duty to Disclose Information Material to Patentability

(a) A patent by its very nature is affected with a public interest. The public interest is best
served, and the most effective patent examination occurs when, at the time an application is being examined,
the Office is aware of and evaluates the teachings of all information material to patentability. Each individual
associated with the filing and prosecution of a patent application has a duty of candor and good faith in dealing
with the Office, which includes a duty to disclose to the Office all information known to that individual to be
material to patentability as defined in this section. The duty to disclose information exists with respect to each
pending claim until the claim is cancelled or withdrawn from consideration, or the application becomes
abandoned. Information material to the patentability of a claim that is cancelled or withdrawn from
consideration need not be submitted if the information is not material to the patentability of any claim remaining
under consideration in the application. There is no duty to submit information which is not material to the
patentability of any existing claim. The duty to disclose all information known to be material to patentability is
deemed to be satisfied if all information known to be material to patentability of any claim issued in a patent
was cited by the Office or submitted to the Office in the manner prescribed by §§1.97(b)-(d) and 1.98.
However, no patent will be granted on an application in connection with which fraud on the Office was practiced
or attempted or the duty of disclosure was violated through bad faith or intentional misconduct. The Office
encourages applicants to carefully examine:

(1) Prior art cited in search reports of a foreign patent office in a counterpart application, and

(2) The closest information over which individuals associated with the filing or prosecution of a
patent application believe any pending claim patentably defines, to make sure that any material information
contained therein is disclosed to the Office.

(b) Under this section, information is material to patentability when it is not cumulative to information
already of record or being made of record in the application, and

(1) It establishes, by itself or in combination with other information, a prima facie case of
unpatentability of a claim; or

(2) It refutes, or is inconsistent with, a position the applicant takes in:
(i) Opposing an argument of unpatentability relied on by the Office, or
(ii) Asserting an argument of patentability. ‘
A prima facie case of unpatentability is established when the information compels a
conclusion that a claim is unpatentable under the preponderance of evidence, burden-of-
proof standard, giving each term in the claim its broadest reasonable construction

consistent with the specification, and before any consideration is given to evidence
which may be submitted in an attempt to establish a contrary conclusion of patentability.

(c) Individuals associated with the filing or prosecution of a patent application within the meaning of
this section are:

(1) Each inventor named in the application;
(2) Each attorney or agent who prepares or prosecutes the application; and

(3) Every other person who is substantively involved in the preparation or prosecution of the
application and who is associated with the inventor, with the assignee or with anyone to whom there is an
obligation to assign the application.

(d) Individuals other than the attorney, agent or inventor may comply with this section by disclosing
information to the attorney, agent, or inventor.

(e) In any continuation-in-part application, the duty under this section includes the duty to disclose
to the Office all information known to the person to be material to patentability, as defined in paragraph (b) of
this section, which became available between the filing date of the prior application and the national or PCT
international filing date of the continuation-in-part application.
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Docket No.: 3771P003

g V3 w . ‘,‘(;J IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
c

ﬂfe&Application of:
DANIEL E. GRUPP, ET AL. Art Group:

Application No.: 10/217,758
pphcation o ’ Examiner:

Filed: August 12,2002

For: Method For Depinning The Fermi Level of
a Semiconductor at an Electrical Junction
and Devices Incorporation Such Junctions

INFORMATION DISCLOSURE STATEMENT UNDER 37 C.F.R. §1.97

Assistant Commissioner for Patents
Washington, D.C. 20231

Sir:

In accordance with the duty of disclosure, enclosed is a copy of Information Disclosure
Statement by Applicant (form PTO/SB/08), which is being submitted within three (3) months of
filing of the application. It is respectfully requested that the cited references be considered and
that the enclosed copy of PTO/SB/08 be initialed by the Examiner to indicate such consideration
and a copy thereof returned to applicant(s). Copies of the references cited on PTO/SB/08 are

enclosed herewith.
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The submission of this Information Disclosure Statement is not to be construed as a

representation that a search has been made in the subject application and is not to be construed as

an admission that the information cited in this statement is material to patentability.

Please charge any fees due to Deposit Account 02-2666. A duplicate copy of the Fee

Transmittal (PTO/SB/17) is enclosed for this purpose.

Date: September 16, 2002

Respectfully submitted,

BLAKELY, SOK F, TAYLO ZAFMAN LLP

12400 Wilshire Blvd., 7th Floor
Los Angeles, California 90025
(408) 947-8200

1 i
?&’ﬁ N. Fahmi, Reg. No. 41,402

I hereby certify that this correspondence is being deposited with the United States
Postal Service as First Class mail with sufficient postage in an envelope addressed to:
Assistant Commissioner for Patents, Washington, D.C. 20231 on:

w/ﬂ“/ 9 fhal ==

Monique M. Pearson Date
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B.R. WEINBERGER, G.G. PETERSON, T.C. ESCRICH, H.A. KRASINSKI; “Surface
Chemistry of HF Passivation Silicon: X-Ray Photoelectron and lon Scattering Spectroscopy
Results”; J. Appl. Phys. 60(9), pp. 3232-3234; November 1, 1986.

LAHIR SHAIK ADAM, MARK E. LAW; “Experimental Identification of Nitrogen-Vacancy
Complexes in Nitrogen Implanted Silicon”; Applied Physics Letters, vol. 79, No. 5, pp. 623-
625; July 30, 2001.

R.M.C. DE ALMEIDA, |.R.J. BAUMVOL,; “Reaction-Diffusion Model for Thermal Growth of
Silicon Nitrite Films on Si”; Physical Review B, vol. 62, No. 24, pp. R16 255- R16 258;
December 15, 2000.

YUNIARTO WIDJAJA, MICHAEL M. MYSINGER, CHARLES B. MUSGRAVE; “Ab Initlo
Study and Decomposition of NH; on Si(100)-(2x1); J. Phy. Chem B 2000; pp. 2527-2533.

ARMIN G. ABERLE, THOMAS LAUINGER, JAN SCHMIDT, RUDOLF HEZEL; “Injection-
Level Dependent Surface Recombination Velocities at the Silicon-Plasma Silicon Nitrite
Interface”; Institut flir Solaernergieforschung, ISFH, D-3 1860 Emmerthal, Germany; pp.
2828-2830; March 9, 1995.

L. CAl, A. ROHATGI, G. MAY; “Investigation of the Properties of Plasma-Enhanced
Chemical Vapor Deposition Silicon Nitrite and its effect on Silicon Surface Passivation”;
Journal of Applied Physics, vol. 83, no. 11, pp. 5885-5889; June 1, 1998.

JAN SCHMIDT, ARMIN G. ABELE; “Carrier Recombination at Silicon-Silicon Nitride
Interfaces Fabricated by Plasma-Enhanced Chemical Vapor Deposition”; Journal of Applied
Physics, vol. 85, no. 7, pp. 3626-3633; April 1, 1999..

Y. HAYAFUJI, K. KAJIWARA,; “Nitridation of Silicon and Oxidized-Silicon”; Sony Corp. |
Research Center, 174 Fujitsuka-Cho, Hodogaya-Ku, Yokohama, 240 Japan; J.
Electrochem. Soc.: Solid State Science and Technology; September 1982.

S.A. WOLF, D.D. AWSCHALOM, R.A. BUHRMAN, J.M. DAUGHTON, S. VON MOLNAR,
M.L. ROUKES, A.Y. CHTCHELKANOVA, D.M. TREGER; “Spintronics: A Spin-Based Vision
for the Future”; www.sciencemag.org, vol. 294, pp. 1488; November 16, 2001.

Examiner Date
Signature Considered

*Examiner: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through citation if not in conformance and
not considered. Include copy of this form with next communication.

'Unique citation designation number. 2Applicant is to place a check mark here if English language Translation is attached.

Burden Hour Statement: This form is estimated to take 2.0 hours to complete. Time will vary depending upon the needs of the individual case. Any
comments on the amount of time you are required to complete this form should be sent to the Chief Information Officer, Patent and Trademark Office,
Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents,
Washington, DC 20231.
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UNrTED STATES PATENT AND TRADEMARK OFFICE AL

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark
Address: COMMISSIONER FOR PATENTS

P.O.Box 1450

Alexandna, Virginia 22313-1450

Www,uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

08791 7590 16/07/2003 I EXAMINER J
BLAKELY SOKOLOFF TAYLOR & ZAFMAN NGO, NGAN V
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 { ART UNIT l PAPER NUMBER }
2814

DATE MAILED: 10/07/2003

[ APPLICATION NO. l FILING DATE ] FIRST NAMED INVENTOR l ATTORNEY DOCKET NO. ] CONFIRMATION NO. J
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710

TITLE OF INVENTION: METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION AND DEVICES
INCORPORATING SUCH JUNCTIONS

[ APPLN. TYPE ] SMALL ENTITY l ISSUE FEE l PUBLICATION FEE { TOTAL FEE(S) DUE l DATE DUE J
nonprovisional NO S1330 S0 $1330 01/07/2004

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.

N ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS

PERIOD CANNOT BE EXTENDED. SEE 35 US.C. 151. THE ISSUE FEE DUE INDICATED ABOVE
REFLECTS A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE APPLIED IN THIS APPLICATION. THE PTOL-85B (OR
AN EQUIVALENT) MUST BE RETURNED WITHIN THIS PERIOD EVEN IF NO FEE IS DUE OR THE APPLICATION WILL
BE REGARDED AS ABANDONED.

HOW TO REPLY TO THIS NOTICE:

1. Review the SMALL ENTITY status shown above.

if the SMALL ENTITY is shown as YES, verify your current If the SMALL ENTITY is shown as NO:
SMALL ENTITY status:
A. If the status is the same, pay the TOTAL FEE(S) DUE shown A. Pay TOTAL FEE(S) DUE shown above, or
above.

B. If the status is changed, pay the PUBLICATION FEE (if B. If applicant claimed SMALL ENTITY status before, or is now
requircd) and twice the amount of the ISSUE FEE shown above claiming SMALL ENTITY status, check the box below and enclose
and notify the United States Patent and Trademark Office of the the PUBLICATION FEE and 1/2 the ISSUE FEE shown above.

- change in status, or O Applicant claims SMALL ENTITY status.
Sec 37 CFR 1.27.

II. PART B - FEE(S) TRANSMITTAL should be completed and returned to the United States Patent and Trademark Office (USPTO) with
your ISSUE FEE and PUBLICATION FEE (if required). Even if the fee(s) have already been paid, Part B - Fee(s) Transmittal should be
completed and returned. If you are charging the fec(s) to your deposit account, section "4b" of Part B - Fee(s) Transmittal should be
completed and an extra copy of the form should be submitted.

[Il. All communications regarding this application must give the application number. Please direct all communications prior to issuance to
Mail Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee’s responsibility to ensure timely payment of maintenance fees when due.

Page 1 of 4

PTOL-85 (Rev. 10/03) Approved for use through 04/30/2004.
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), to: Mail = Mail Stop ISSUE FEE
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

or Fax  (703) 746-4000

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if rcquired{).eﬁlocks 1 through 4 should be completed where
appropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
indicated unI?ss corrtgclcd below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for
maintcnance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Legibly mark-up with any corrections or use Block 1)

Note: A certificate of _mailir_\F can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be uscd for any other accompanying
apers. Each additional paper, such as an assignment or formal drawing, must

08791 7590 10/07/2003 ave its own certificate of mailing or transmission.
BLAKELY SOKOLOFF TAYLOR & ZAFMAN Certificate of Mailing or Transmission
z ol > 1 hereby certify that this Fee(s) Transmittal is being deposited with the United
12400 W]}‘SHIR}: BOULEVARD, SEVENTH FLOOR States Postal z:rvicc with suff%ciem postage for first class mail in an envelope
LOS ANGELES, CA 90025 addressed to the Mail Stop ISSUE FEE address above, or being facsimile
transmitted to the USPTO, on the date indicated below.
{Depositor's name)
{Signature)
(Date)
I APPLICATION NO. l FILING DATE l FIRST NAMED INVENTOR iATTORNEY DOCKET NO. ] CONFIRMATION NO. J
10/217,758 08/12/2002 Daniel E. Grapp 3771P003 1710

TITLE OF INVENTION: METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION AND DEVICES
INCORPORATING SUCH JUNCTIONS

l APPLN. TYPE L SMALL ENTITY ] ISSUE FEE l PUBLICATION FEE l TOTAL FEE(S) DUE [ DATE DUE J
nonprovisional NO $1330 $0 $1330 01/07/2004
| EXAMINER ] ART UNIT ] CI.ASS-SUBCLASS ]
NGO, NGAN V 2814 257-030000
[. Change of correspondence address or indication of "Fee Address” (37 2. For printing on the patent front page, list (1) the
CFR 1.363). names of up to 3 rcgistered patent attorneys or 1

3 Change of correspondence address (or Change of Correspondence agents OR, alternatively, (2) the name of a singlo
Address form PTO/SB/122) attached. firm (having as a member a registered attorney or 3

Q "Fee Address” indication (or "Fee Address” Indication form agent) and the names of up to 2 registered patent

€ Ie: ndaicatio or cC ress indication 101 N H v
PTO/SB/47; Rev 03-02 or more recent) attached. Use of 2 Customer attorneys or agents. If no name is listed, no name 3
Number is required. will be printed.

w

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identificd below, no assignee data will appear on the patent. Inclusion of assignce data is on]{ appropriate when an assignment has
been previously submitted to the USPTO or is being submitted under separate cover. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B} RESIDENCE: (CITY and STATE OR COUNTRY)
Please check the appropriate assignee category or categories (will not be printed on the patent); Qindividual O corporation or other private group entity  J government
4a. The following fee(s) are enclosed: 4b. Payment of Fee(s):
Q [ssue Fee (1 A check in the amount of the fee(s) is enclosed.
O Publication Fee Q Payment by credit card. Form PTO-2038 is attached.
 Advance Order - # of Copies ) The Director is_hereby authorized by charge the required fee(s), or credit any overpayment, to
Deposit Account Number (enclose an extra copy of this form).

Dircctor for Patents is requested to apply the Issuc Fee and Publication Fee (if any) or to re-apply any previously paid issue fee to the application identified above.

(Authorized Signature) (Date)

NOTE; The Issuc Fee and Publication Fee (if required) will not be accepted from anyone
other than the apg)hcam; a registered atgomes\,' or agent; or the assignee or other parly in
interest as shown by the records of the United States Patent and Trademark Office.

This_collection of information is required by 37 CFR 1.311. The information is required to
obtain or retain a benefit by the public which is to file (and by the USPTO to process) an
application. Confidentiality 1s governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is
estimated to take 12 minutes to com{;lelc including gathering, preparing, and submitting the
completed application form to the JSPTO. Time will vary dcpendinF upon the individual
casc. Any comments on the amount of time you require to comF cte this form and/or
suggestions for reducing this burden, should be sent 1o the Chicf Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, Alexandria, Virginia
22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS.
SEND TO: Commisstoner for Patents, Alexandria, Virginia 22313-1450.

Under the Paperwork Reduction Act of 1995, no persons arc rcquired to respond to a
collection of information unless it displays a valid OMB control number,

TRANSMIT THIS FORM WITH FEE(S)
PTOL-85 (Rev. 10/03) Approved for use through 04/30/2004. OMB 0651-0033  U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.0.Box 1450

Alexandria, Virginia 22313-1450

WWW.USPIO.goV

[ apruicamionno. T AwiNG DT [ FIRST NAMED INVENTOR [ ATToRNEY DOCKET NO. [~ CONFIRMATION NO. |
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710
08791 7590 100712003 [ EXAMINER )
BLAKELY SOKOLOFF TAYLOR & ZAFMAN NGO, NGAN V
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 [ awruwt [ raperNumBER ]
2814

DATE MAILED: 10/07/2003

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment to date is 0 day(s). If the issue fee is paid on the date that is three months after the
mailing date of this notice and the patent issues on the Tuesday before the date that is 28 weeks (six and a half
months) after the mailing date of this notice, the Patent Term Adjustment will be 0 day(s).

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
detcrmines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information Retrieval
(PAIR) system (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (703) 305-1383. Questions relating to issue and publication fec payments should be
directed to the Customer Service Center of the Office of Patent Publication at (703) 305-8283.

Page 3 of 4

PTOL-85 (Rev. 10/03) Approved for usc through 04/30/2004.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.(). Box 1450

Alexandria, Virgima 22313-1450

WWW.USpLO. GOV

| APPLICATION NO. | FILING DATE 1 FIRST NAMED INVENTOR brroxm-:y DOCKET NO. l CONFIRMATION NO. ]
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710
08791 7590 1040772003 L EXAMINER i
BLAKELY SOKOLOFF TAYLOR & ZAFMAN NGO, NGAN V
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR — -
LOS ANGELES, CA 90025 I ART UNIT l PAPER NUMBER I
2814

DATE MAILED: 10/07/2003

Notice of Fee Increase on October 1, 2003

If a reply to a "Notice of Allowance and Fee(s) Due” is filed in the Office on or after October 1, 2003, then the
amount due will be higher than that set forth in the "Notice of Allowance and Fee(s) Due" since there will be an

increase in fees cffective on October 1, 2003. See Revision of Patent Fecs for Fiscal Year 2004; Final Rule, 68 Fed.
Reg. 41532, 41533, 41534 (July 14, 2003).

The current fee schedule is accessible from (http://www.uspto.gov/main/howtofees.htm).

If the fee paid is the amount shown on the "Notice of Allowance and Fee(s) Due" but not the correct amount in view
of the fee incrcase, a "Notice of Pay Balance of Issue Fee" will be mailed to applicant. In order to avoid processing
delays associated with mailing of a "Notice of Pay Balance of Issue Fee,” if the response to the Notice of Allowance
is to be filed on or after October 1, 2003 (or mailed with a certificate of mailing on or after October 1, 2003), the
issue fee paid should be the fee that is required at the time the fee is paid. If the issue fee was previously paid, and the
response to the "Notice of Allowance and Fee(s) Due" includes a rcquest to apply a previously-paid issue fee to the
issuc fee now due, then the difference between the issue fee amount at the time the response is filed and the
previously-paid issuc fee should be paid. See Manual of Patent Examining Procedure, Section 1308.01 (Eighth
Edition, August 2001).

Effective October 1, 2003, 37 CFR 1.18 is amended by revising paragraphs (a) through (c) to read as set forth below.
Section 1.18 Patent post allowance (including issue) fees.

(a) Issue fee for issuing each original or reissue patent,
except a design or plant patent:

By a small entity (Sec. 1.27())..ccccccereervenennn. $665.00

By other than a small entity......................... $1,330.00
(b) Issue fee for issuing a design patent:

By a small entity (Sec. 1.27(a))...ccceeevercaennne. $240.00

By other than a small entity........c..ccoeeeeenen. $480.00
(c) Issue fee for issuing a plant patent:

By a small entity (Sec. 1.27(a))..cccccecreecunennnn. $320.00

By other than a small entity..........cccccocovennnin. $640.00

Questions relating to issue and publication fee payments should be directed to the Customer Service Center of the
Office of Patent Publication at (703) 305-8283.

Page 4 of 4

PTOL-85 (Rev. 10/03) Approved for use through 04/30/2004,
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Application No. Applicant(s)
. - 10/217,758 .
Notice of Allowability Examiner ﬁi%ﬁ ETAL
Ngan Ngo 2814

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1. l:] This communication is responsive to
2. X The allowed daim(s) is/are 1-61.
3. ] The drawings filed on are accepted by the Examiner.

4. [] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 118(a)-(d) or (f).
a)[d At p)[] Some* c¢)[0 None of the:

1. [0 Certified copies of the pricrity documents have been received.
2. [ Certified copies of the priority documents have been received in Application No.
3. [0 Copies of the certified copies of the priority documents have been received in this national stage application from the
International Bureau (PCT Rule 17.2(a)).
* Certified copies not received:
5.0 Acknowledgment is made of a claim for domestic priority under 35 U.S.C. § 119(e) (to a provisional application).
(@) ] The translation of the foreign language provisional application has been received.
6.1 Acknowledgment is made of a claim for domestic priority under 35 U.S.C. §§ 120 and/or 121.

Applicant has THREE MONTHS FROM THE “"MAILING DATE" of this communication to file a reply complying with the requirements noted
below. Failure to timely comply will result in ABANDONMENT of this application. THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

7.0 A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF
INFORMAL PATENT APPLICATION (PTO-1562) which gives reason(s) why the oath or declaration is deficient.

8. X] CORRECTED DRAWINGS must be submitted.
(a)[d including changes required by the Notice of Draftsperson’s Patent Drawing Review ( PTO-948) attached

1) O hereto or 2) [[] to Paper No. .
(6)[O including changes required by the proposed drawing correction filed
()X including changes required by the attached Examiner's Amendment / Comment or in the Office action of Paper No. 0803.

. which has been approved by the Examiner.

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of
each sheet.

9. [] DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1IX Notice of References Cited (PTO-892) 2[C] Notice of Informal Patent Application (PTO-152)

3[J Notice of Draftperson’s Patent Drawing Review (PTO-948) 4[] Interview Summary (PTO-413), Paper No._____ .

5[4 information Disclosure Statements (PTO-1449), Paper No. 0902. 6[x] Examiner's Amendment/Comment

7 Examiner's Comment Regarding Requirement for Deposit 8[X] Examiner's Statement of Reasons for Allowance
of Biological Material g[] Other

.w\m gim:}g

Primary Examiner

U.8. Patent and Trademark Office
PTOL-37 (Rev. 04-03 Notice of Allowability Part of Paper No. 0803
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Application/Control Number: 10/217,758 Page 2
Art Unit: 2814

Examiner's Amendment

An examiner's amendment to the record appears below. Should the changes
and/or additions be unacceptable to applicant, an amendment may be filed as provided
by 37 CFR 1.312. To ensure consideration of such an amendment, it MUST be

submitted no later than the payment of the issue fee.

In the specification: /
Page 1, line 4, after “Application No.”, insert -- 10/342,576 --;
/7
Line 6, after “filed on”, insert -- January 14, 2003 --;

-

Line 7, delete “2002". / '

Page 30, line 10, after “App]ication No.”, insert -- 10/342,576 --;

e
Line 12, after “ﬁled’.”,_ insert -- January 14, 2003 --;

4

Line 12, delete "2002".

In the drawings:

Figures 3 and 4 are labeled “PRIOR ART". See MPEP 608.02(g).

Any inquiry concerning this communication should be directed to Examiner Ngan
Ngo at telephone number (703) 308-4938. The fax number for the Art unit is (703) 308-
7722.

Any inquiry of a general nature or relating to the status of this application or

proceeding should be directed to the Group receptionist whose telephone number is

N\)’W\ J ‘\f\,

NganVanN
8/27/03 ng::‘yExamg!:er

(703) 308-0956.

Ngan Ngo
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Application/Control Number: 10/217,758 Page 3
Art Unit; 2814

Reasons for Allowance

The following is an examiner's statement of reasons for allowance:

The prior arts of record do not teach the electrical device comprising a metal, a
silicon-based semiconductor having a Fermi level, an interface layer configured to depin
the Fermi level of the semiconductor in which the electrical device has a specific contact
resistance of less than or equal to 1000 Ohms-um? .

Any comments considered necessary by applicant must be submitted no later
than the payment of the issue fee and, to avoid processing delays, should preferably
accompany the issue fee. Such submissions should be clearly labeled "Comments on

Statement of Reasons for Allowance."

NganVan Ngo
Primary Examiner
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Application/Control No. Applicant(syPatent Under
S
Notice of References Cited . .
Examiner Art Unit
Ngan Ngo 2814 Page 1 of 1
U.S. PATENT DOCUMENTS
* Countiy Gote-Numbertind Gode | MMLYVYY Neme Classification
* | A | US-2003/0127700 A1 07-2003 Moddel et al. 257/425
* | B | US-5,098,859 03-1982 Jackson et al. 438/509
* | ¢ | US-4,583,110 04-1986 Jackson et al. 257/734
D | US-
E | US-
F | US-
G | US-
H | US-
1| Us-
J | Us-
K | US-
L | US-
M | US-
FOREIGN PATENT DOCUMENTS
» IO - Courtry Name ——
N
(e]
P
Q
R
S
T
NON-PATENT DOCUMENTS
* Include as applicable: Author, Title Date, Publisher, Edition or Volume, Pertinent Pages)
§)
\%
w
X
*A copy of this reference is not being furnished with this Office action. (See MPEP § 707.05(a).)

Dates in MM-YYYY format are publication dates. Classifications may be US or foreign.

U.S. Patent and Trademark Office
PTO-892 (Rev. 01-2001)

Notice of References Cited

Part of Paper No. 0803
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Substitute for Form 1443A/PTO (Modified) Complete if Known
INFORMATION DISCLOSURE Application Number 10/217,758
Filing Date August 12, 2002
STAT Y APPLICANT First Named Inventor: Daniel E. Grupp
{use as many sbgg!s as necessary} Group Art Unit Not Yet Assigned
2 Examiner Name Not Yet Assigned
Sheet ‘ gff |6 Attorney Docket Number 3771P003
’ U.S. PATENT DOCUMENTS
Exam, Cite £ nt Document Name of Patentee or Applicant Date of Publication of | Pages, Columns, Lines,
initial* No.! - of Cited Document Cited Document Where Relevant
Number Kind MM-DD-YYYY Passages or Relevant
. Code (f known) Figures Appear
[V 3,590471 Lepselter et al. 716/71
3,708,360 Wakefield, Jr., et al. 112173
4,300,152 Lepselter 11/10/81
4,485,550 Koeneke et al. 12/4/84
5,399,206 de Lyon 3/21/95
| 5,612,567 Baliga 3/18/97
5,663,584 Welch 9/2/97
I 5,801,398 Hebiguchi 9/1/98
[ 5,886,891 Gould 3/30/99
5,939,763 Hao, et al. 8/17/99
6,037,605 Yoshimura 3/14/00
6,096,590 Chan et al. 8/1/00
6,150,286 Sun, et al. 11/21/00
| 6,198,113 B1 Grupp 3/6/01
L 6,207,976 B1 Takahashi et al. 3/27/01
1 6,261,932 B1 Hulfachor 7/17/01
1 6,281,866 Wallace, et al. 9/18/01
6,291,867 Wallace, et al. 9/18/01
6,303,479 B1 Snyder 10/16/01
5,696,218 B1 Soleimani, et al. 01-21-1997
~ 5,578,848 Kwong , etal. 11-26-1996
FOREIGN PATENT DOCUMENTS
E{gm. gihz Foreign Patent Document . Name of Patentee or Applicant D‘aéq t:g PDublicaﬁor; u n!;:gevih mm;:.a " Te
Initial* 0" 1 Office®  Number® Kind Code! of Cited Document ° Mbpoomn Passéges or R:Ievant
(if known) Figures Appear
Examiner Date Considered
Signature ‘J\}“’\ ‘/ V\, ¥-17 }
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METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL
JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

RELATED APPLICATIONS

{0001} The present application is related to co-pending U.S. Patent Application No.__‘gj 34 2, 51?
_,entitled "INSULATED GATE FIELD EFFECT TRANSISTOR HAVING

PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL?, filed on_—3an-_{4, 2008
2862 by the present inventors and assigned to the same assignee as the present application.

This related patent application is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to semiconductor processing and semiconductor
devices. More particularly, the invention relates to a process for depinning the Fermi level of
a semiconductor at a metal-interface layer-semiconductor junction and to devices that employ

such a junction.

BACKGROUND

{0003} One of the most basic electrical junctions used in modern devices is the metal-
semiconductor junction. In these junctions, a metal (such as aluminum) is brought in contact
with a semiconductor (such as silicon). This forms a device (a diode) which can be inherently
rectifying; that is, the junction will tend to conduct current in one direction more favorably
than in the other direction. In other cases, depending on the materials used, the junction may
be ohmic in nature (i.e., the contact may have negligible resistance regardless of the direction

of current flow). Grondah! and Geiger first studied the rectifying form of these junctions in

Attorney Docket No.: 003771.P003 2 Patent Application
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constructed in this fashion is a result of only bulk material properties, not properties of the
surface. By way of example, the materials in such cases may be Al and Si, with a work
function for Al of approximately ¢ = 4.1 eV and the electron affinity for Si of

approximately x5 = 4.05 eV.

V. Transistors Containing Passivated Semiconductor Surfaces

{0082] The interface layers described herein may be used in connection with a semiconductor

surface of a channel in a ficld effect transistor. That is, an interface layer may be disposed
between a source and a channel, a channel and a drain, or both of an insulated gate field effect
transistor. Such use of an interface layer is described in detail in co-pending U.S. Patent

Application No.: 10‘ 21, 51k entitled “INSULATED GATE FIELD EFFECT

TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL”,
filed i]_[j_’p_t,—éﬁ@? by the present inventors, and assigned to the assignee of the present
invention.

{0083] The source and drain contacts at the channel of a field effect transistor are examples of
a broader category of metal-interface layer-semiconductor contacts that make up the present
invention. In the past, such contacts generally comprised a silicide-n*-Si junction, which
formed a somewhat “leaky” Schottky diode, with a Fermi level of the semiconductor pinned at
the midgap. In contrast, the present invention provides a contact wherein the Fermi level of
the metal is aligned with the conduction band of the semiconductor (e.g., as shown in Figure
7d). Note that in other cases, depending on the type of semiconductor material and conductors
used, the Fermi level of the metal may align with the valence band of the semiconductor.
[0084] Although both types of junctions (i.e., the new passivated Schottky barrier junction
and the conventional silicide-semiconductor junction) permit tunneling currents, the present
junction can be fabricated with a much thinner interface layer as compared to the thickness of
the silicide layer used previously. Indeed, thickness of an order of magnitude less than the

silicide thickness can be expected. In a conventional silicide — semiconductor junction a

Attorney Docket No.: 003771.P003 30 ' Patent Application
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PETITION FOR REVIVAL OF AN APPLICATION FOR PATENT Docket Number (Optional)
ABANDONED FOR FAILURE TO NOTIFY THE OFFICE OF A FOREIGN OR
INTERNATIONAL FILING (37 CFR 1.137(f)) 3771P003

First Named Inventor: Daniel E. Grupp
Application No.: 10/217,758 Art Unit: 2811
Filed: August 12, 2002 Examiner:

Title: Method For Depinning The Fermi Level of a Semiconductor at an Electrical Junction and
Devices Incorporating Such Junctions

Attention; Office of Petitions
Mail Stop Petition
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
FAX: (703) 308-6916

NOTE: If information or assistance is needed in completing this form, please contact Petitions information at
(703) 305-9283

The above-identified application became abandoned pursuant to 35 U.S.C. 122(b)(2)(B)(iii) for failure to timely notify
the Office of the filing of an application in a foreign country or under a multinational international treaty that requires
publication of applications eighteen months after filing. The date of abandonment is the day after the expiration date
of the forty-five (45) day period set in 35 U.S.C. 122(b){(2)(B)iii) .

PURSUANT TO 37 CFR 1.137(f), APPLICANT HEREBY PETITIONS FOR REVIVAL OF THIS APPLICATION
UNDER 37 CFR 1.137(b)

1. Petition fee

< Small entity-fee $665.00 (37 CFR 1.17(m)). Applicant claims smali entity status. See 37 CFR 1.27.
[:] Other than small entity - fee $ (37 CFR 1.17{m)).

2. Notice of Foreign or International Filing (35 U.S.C. 122(b)(2)(B)(iii) and 37 CFR 1.213(c})

Subsequent to the filing of the above-identified application, an application was filed in another country, or under a
multinational international treaty (e.g., filed under the Patent Cooperation Treaty), that requires publication of applications
eighteen months after filing. The filing date of the subsequentiy filed foreign or internationat application is 'August 8,
2003. .

SEND TO: Mail Stop Petition, Commissionar for Patents, P.O. Box 1450, Alaxandria, VA 22313-1450.
Based on Form PTO/SB/64a (05-03) as modified by BLAKELY, SOKOLOFF, TAYLOR & ZAFMAN LLP on 5/13/03.

[Page 1 of 2]
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STATEMENT: The entire delay in filing the required notice of a foreign or international filing from the due date for the
required notice until the filing of a grantable petition under 37 CFR 1.137(b) was unintentional.

[NOTE: The Untied States Patent and Trademark Office may require additional information if there is a question as to
whether either the abandonment or the delay in filing a petition under 37 CFR 1.137(b) was unintentional (MPEP
711.03(c), stbsections (Il1)}(C) and (D))].

WARNING: Information on this form may become public. Credit card information should not
be included on this form. Provide credit card information and authorization on PT0-2039.

October 14, 2003 7

Date / ¥ Signature

Telephone
Number: (408) 947-8200 Tarek N. Fahmi, Reg. No. 41,402

Typed or printed name & Registration No.

Blakely, Sokoloff, Taylor & Zafman LLP
12400 Wilshire Boulevard, 7th Floor
Los Angeles, CA 90025

Enclosures: B Fee Payment
[ Additional sheets containing statements establishing unintentional delay
{1 Other:

CERTIFICATE OF MAILING OR TRANSMISSION [37 CFR 1.8(a)]

| hereby certify that this correspondence is being:

D deposited with the United States Postal Service on the date shown below with sufficient postage as
first class mail in an envelope addressed to: Mail Stop Petition, Commissioner for Patents, P.O. Box
1450, Alexandria, VA 22313.1450.

O transmitted by facsimile on the date shown below to the United States Patent and Trademark Office
at (703) 308-6916.

" Signature

_Jlennifer |, Stewart

Typed or printed name of person signing certificate

Date

[Page 2 of 2)
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(e P EE TRANSMITTAL O ]
for FY 2003 i e~ | 10/2g_1_7,758 002 T7F T
. Tor Filing Date August 12,2002 &35~ ]
Effactive 01/01/2003. Patent fees are subject to annual revision. First Namgd Inventor Daniel E. ‘Grup_g .
X Applicant claims smail entity status. See 37 CFR 1.27. Examiner Name _ _ o !
g Group/Art Unit 2811
TOTAL AMOUNT OF PAYMENT ($) 665.00 ['Afiorney DockefNo. 3771P003 i
METHOD OF PAYMENT (check alf that apply} FEE CALCULATION (continued)
3. ADDITIONAL FEES
Rereek [ credncars O gg‘;" O otner I nione
E Oeposit Account Large Entity Small Entity
Feo Foe Fas  Fea
Deposit Codo % | Code @& Fee Description Fee Paii
Account l7 02_2666 }
Number 1051 130 2054 65 Surcharge - iate filing fee or cath
Deposit 1052 50 2052 25 Surcharge - Iate provisional filing fee or
cover sheet
Rocount [Blakely, Sokoloff, Taylor & Zafman LLP ] _
ome 2053 130 | 2058 130 Non-English specification -
The Commissioner Is authorized to: ( chack all that apply) 1812 2,520 1812 2,520 For filing & request for ex parte reexamination
P L 1804 920* | 1804 920 * Requesting publication of SIR prior to -
E Charge fee(s) indicated below ﬂ Credit any overpaymants Examingr action
g Charge any additional fea(s) required under 37 CFR §§ 1.16, 1.17, 1.18 and 1.20 1805 1.840° | 1805 1.840 ° Requesting publication of SIR after —
D Charge fee(s) indicated below, except for the filing fee Exarminer action
ta the above-identified deposit account 1251 110 | 2251 55 Extension for reply within first month -
FEE CALCULATION 1252 420 {2252 210 Extension for reply within second montn -
4. BASIC FILING FEE 1253 950 2253 478 Extension for reply within third month -
Large Entity Smakt Entity 1254 1480 2264 740 Extension for reply within fourth month -
Feo Foe Fea Feo  Fao Deogription FeePaid Extension for reply within fifth month -
Code §) Code © 1255 1,210 2255 805
1404 330 | 2401 165 Notice of Appeat -
1001 770 ] 2001 385  Utility filing fes o
b — — 330 165 Filing a brief i rt of al
1002 340 2002 170 Design filing fee 1402 2402 1ing 8 brielin suppart of an sppe L
1003 530 2003 265  Plant filing fee 1403 290 2403 145 Request for oral hearing
1004 770 | 2004 385 Reissue fiing fee - —— 4} 1451 1510 ] 2451 1510 Pelition toinstitute a public use proceetding o
1005 160 | 2005 80  Provisional filing fee 1452 1Mo 2452 55 Petition to revive - unavoidable ] B
1453 1,330 2453 665 Petition to revive - unintentional ~ 665.00
SUBTOTAL {1} {$) N
1501 1,330 2501 665  Utility issue fee (or reissue)
2. EXTRA CLAIM FEES Foo 1502 480 | 2502 240 Design issue fee B —"‘—__
Claims below Fee Paid 1503 840 | 2503 320 Plantissus fee
T i .- = —_—
otal Claims . 20 = X 1460 130 2460 130 Petitions to the Commissioner
I dent - — - L
c”;gfﬂ"é” o0 R X = 1807 50 1807 50 Processing fee under 37 CFR 1.17(Q)
Muitipie Dependent - 1= - 1806 180 | 1806 180 Submission of Information Disclosure Stmt -
Larga Entity Seall Entity 8021 40 8021 40 Recording each patent assignment per - -
Foe Foo Fea Foo property (times number of proparties)
Foe Doserigion
Code  ($) Code (8 1808 770 1gog 385 Filing a submission after final rejection -
1202 18 2202 g Claims in excess of 20 (37 CFR § 1.128(a))
1204 86 2201 43 Independent claims in excess of 3 1810 770 2810 385 For each additional invention to be
examined (37 CFR § 1.129(b))
1203 280 2203 145 Multipie Dependent claim, if not paid . . I
1204 86 2204 43 *“*Reissue independent claims over original 1801 770 2801 385 Request for Continued Examination {RCE})
patent 1802 900 1802 900 Request for expedited examination T
o o of a design application |
1205 18 2205 8 **Reissue claims in excess of 20 and over Other fee (specify}
onginal patent - - - - — ——
SUBTOTAL {2) $)
* Reduced by Basc: Fee Pad SUBTOTAI
**or pumbser previously paid, if greater, For Reissues, see balow o o UBTOTAL 3) & 665.00
( SUBMITTED BY Z Compilete (if applicabie) \
. Registration No.
Neme uryse) Tarek N. Fyhim) // Y Registration 41,402 Telephone | (408) 947-8200
Signature a0 - Date 10/14/03

Based on PTO/SB/17 (08-03) as modifiad by Bikely, Solokofl, Taylor & Zafman (wir) 0871112003,

SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450
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Application No. 10/217,758 )
TRANSMITTAL FORM o~ agmuo
(to be used for all correspondence after initial filing) hF;s_t Named_lnventor Daniel E. Grupp N T
; Acumt | 2811 ) B
_E_xa—min;r Name o - i ) _
Total Number of Pages in This Submission [L 3 A—tto_rney Docket Number 37'/_’_1 P003 B - j

ENCLOSURES (check all that apply)

& Fee Transmittal Form

E Fee Attached

O

Amendment / Response

D After Final

Affidavits/declaration(s)
Extension of Time Request

Express Abandonment Request

Information Disclosure Statement

[] prorseis

Certified Copy of Priori
Document( ?y ty

Response to Missing Parts/
Incomplete Application

D Basic Filing Fee
D Declaration/POA

D Response to Missing
Parts unde& 37 CFR

oo ogao

D Drawing(s)

D Licensing-related Papers

x Petition

Petition to Convert a
Provisionat Appiication

D Power of Attorney, Revocation
Change of Correspondence Address

D Terminal Disclaimer

D Request for Refund

[ co, Number of cD(s)

ooogoofdn

After Allowance Communication

to Group

Aggeal Communication to Board
ppeals and Interferences

Appeal Communication to Group

{Appeal Notice, Brief, Reply Brief)

Proprietary Information

Status Letter

Other Enclosure(s)
(please identify below):

Remarks

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT

Firm
or
Individual name

wmp{r’

Tarek N. Fahmi, Reg. No. 41,402
SOKO}/ FF, TAYLOR & ZAFMAN LLP

Signature

Ll 7

Date /Z)ctober 14, 2003

CERTIFICATE OF MAILING/TRANSMISSION

Alexandria, VA 22313-1450.

I hereby certify that this correspondence is being deposited with the United States Postal Service on the date shown below with
sufficient postage as first class mail in an envelope addressed to: Mail Stop Petition, Commissioner for Patents, P.O. Box 1450,

Typed or printed name

Jennifer L. Stewart

\__Signature

m nMif(T\‘irf NoTEs

| pate |  October 14,2003

ff, Taylor & Zafman (wir) 08/11/2003.

Based on PTO/SB/21 (08-03) as modifi lakely, Sol 3
SEND TQO: Commissioner for Patents, % 1450, Alexandria, VA 22313-1450
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UNITED STATES PATENT AND TRADEMARK OFFICE

Commissioner for Patents

United States Patent and Trademark Office
P. O. Box 1450

Alexandria, VA 22313-1450

www.uspto.gov

BLAKELY SOKOLOFF TAYLOR & ZAFMAN
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR COPY MAILED
LOS ANGELES, CA 90025

NOV 0 3 2003
OFFICE OF PETITIONS
In re Application of :
Daniel E. Grupp et al :DECISION GRANTING PETITION

Application No. 10/217,758 :UNDER 37 CFR 1.137(b)
Filed: August 12, 2002 :
Attorney Docket No. 3771P003

This is a decision on the petition, filed October 17, 2003, which
is being treated as a petition under 37 CFR 1.137(b) to revive
the instant nonprovisional application for failure to timely
notify the U.S. Patent and Trademark Office (USPTO) of the filing
of an application in a foreign country, or under a multinational
treaty that requires publication of applications eighteen wonths
after filing. See 37 CFR 1.137(f).

The petition under 37 CFR 1.137(f) is GRANTED.

Petitioner states that the instant nonprovisional application is
the subject of an application filed in an eighteen month
publication country on August 8, 2003. However, the USPTO was
unintentionally not notified of this filing within 45 days
subsequent to the filing of the subject application in an
eighteen month publication country.

In view of the above, this application became abandoned pursuant
to 35 U.8.C. § 122(b) (2) (B) (iii) and 37 CFR 1.213(c) for failure
to timely notify the USPTO of the filing of an application in a

foreign country, or under a multilateral international agreement,
that requires publication of applications 18 months after filing.

A petition to revive an application abandoned pursuant to 35
U.S.C. 122(b) (2) (B) (1iii) for failure to notify the USPTO of a
foreign filing must be accompanied by:

(1) the required reply which is met by the
notification of such filing in a foreign country or
under a multinational treaty;

(2) the petition fee as set forth in 37 CFR 1.17(m);

and
(3) a statement that the entire delay in filing the
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Application No. 10/217,758 Page 2

required reply from the due date of the reply until
the filing of a grantable petition was
unintentional.

The instant petition has been found to be in compliance with 37
CFR 1.137(b). Accordingly, the failure to timely notify the
USPTO of a foreign or international filing within 45 days after
the date of filing of such foreign or international application
as provided by 35 U.S.C. § 122 (b) (2) (B) (iii) and 37 CFR 1.213(c)
is accepted as having been unintentionally delayed.

The previous Request and Certification under 35 U.S.C. §
122(b) {(2) (B) (1) has been rescinded. A Notice Regarding
Rescission of Nonpublication Request which sets forth the
projected publication date of February 12, 2004 accompanies this
decision on petition.

A Notice of Allowability and a Notice of Allowance and Fee(s) Due
were mailed in this case on October 7, 2003. However, in view of
the nonpublication request filed with the application, the Notice
of Allowance and Fee(s) Due mailed in this case did not require
the submission of a publication fee. Therefore, in view of the
rescinding of the nonpublication reguest, the $300 publication
fee will be charged to petitioner’s deposit account. If
publication of the application does not occur, applicant may file
a request for refund after the patent issues. See 37 CFR
1.211(e). Questions relating to a refund of the publication fee
should be directed to the patent publication hotline at (703)

605-4283 or by e-mail to pgpub®@uspto.gov.

This application is being forwarded to Publishing Division to
await a reply to the Notice of Allowance and Fee({s) Due mailed
October 7, 2003.

Any inguiries concerning this decision may be directed to the
undersigned at (703) 305-8680.

Petitions Examiner

Office of Petitiomns

Office of the Deputy Commissioner
for Patent Examination Policy

ATTACHMENT: Notice Regarding Rescission of Nonpublication Request
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address. COMMISSIONER FOR PATENTS

P.C. Box 1450

Alexandsia, Vingnia 22313-1450

W uspto gov

L APPLICATION NUMBER J FILING/RECEIPT DATE J FIRST NAMED APPLICANT J ATTY. DOCKET NO. J

10/217,758 08/12/2002 Daniel E. Grupp 3771P003
CONFIRMATION NO. 1710
08791
BLAKELY SOKOLOFF TAYLOR & ZAFMAN I!@ygﬁl@g@@ﬂyﬂummmm[mwmm{wm
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 80025

Date Mailed: 11/03/2003

Communication Regarding Rescission Of Nonpublication Request and/or Notice of
Foreign Filing

Applicant's rescission of the previously-filed nonpublication request and/or notice of foreign filing is
acknowledged. The paper has been reflected in the Patent and Trademark Office's (USPTO's) computer
records so that the earliest possible projected publication date can be assigned.

The projected publication date is 02/12/2004,

of foreign filing is required.

1f applicant foreign filed the application after filing the above application and before filing the
rescission, and the rescission did not also include a notice of foreign filing, then a notice of foreign filing
{not merely a rescission) is required to be filed within 45 days of the date of foreign filing. See 35

U.S.C. § 122(b)(2)(B)(iii), and Clarification of the United States Patent and Trademark Office's
Interpretation of the Provisions of 35 U.S.C. § 122(b}(2)(B)(ii)-(iv), 1272 Off. Gaz. Pat. Office 22 (July
1, 2003).

If a notice of foreign filing is required and is not filed within 45 days of the date of foreign filing, then
the application becomes abandoned pursuant to 35 U.S.C. § 122(b)(2)(B)(ii1). In this situation, applicant
should either file a petition to revive or notify the Office that the application is abandoned. See 37 CFR
1.137(f). Any such petition to revive will be forwarded to the Office of Petitions for a decision. Note
that the filing of the petition will not operate to stay any period of reply that may be running against the
application.

Questions regarding petitions to revive should be directed to the Office of Petitions at (703) 305-9282.
Questions regarding publications of patent applications should be directed to the patent application
publication hotline at (703) 605-4283 or by e-mail pgpub@uspto.gov.

! Note, for purpose of this notice, that "foreign filing" means "filing an application directed to the same invention in another
country, or under a multilatcral international agrcement, that requires publication of applications 18 months after filing".
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PART B - FEE(S) TRANSMITTAL e
icable fee(s), to: Mail  Mail Stop ISSUE FEE

Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

orFax  (703) 746-4000

the ISSUE FEE and PUBLICATION FEE (if required{). Blocks | through 4 should be completed where
advance orders and notification of maintenance fees will be mailed to the current correspondence address as
lock 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

INSTRUCTIONS: This form should bsed for transrgj
appropriate. All further correspondence ifighd ﬁg the 4
indicated unless corrected below or directédhQihetwise.
maintenance fee notifications. s

CURRENT CORRESPONDENCE ADDRESS (Note: Legibly mark-up with any corrections or use Block 1)

Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying
Eapers. Each additional paper, such as an assignment or formal drawing, must

08791 7590 10/07/2003 ave its own certificate of mailing or transmission.
BLAKELY SOKOLOFF TAYLOR & ZAFMAN __ Certificate of Mailing or Transmission '
. transmitted to the USPTO, on the date indicated below.

A, Balero (Depositor's name)

) (Signature)

7, 2004 (Date)

L APPLICATION NO., [ FILING DATE I FIRST NAMED INVENTOR l ATTORNEY DOCKET NO. I CONFIRMATION No.j
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710

TITLE OF INVENTION: METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION AND DEVICES
INCORPORATING SUCH JUNCTIONS

| APPLN. TYPE [ smaLLenTiTY | ISSUE FEE [ pusLicATION FEE [ roraLreEs) DUE | DATE DUE
nonprovisional NO $1330 $0 $1330 01/07/2004
| EXAMINER ] ART UNIT | CLASS-SUBCLASS |
NGO, NGAN V 2814 ~ 257-030000

1. Change of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list (1) the BLAKELY SOKOLOFEF
§63) printing P g )

CFR 1 names of up to 3 registered patent attomeys or  TAYLOR & ZAFMAN_ LLP
Q Change of correspondence address (or Change of Correspondence agents OR, altematively, (2) the name of a single
Address form PTO/SB/122) attached. firm (having as a member a registered attorney or o

o A agent) and the names of up to 2 registered patent
Q) "Fee Address" indication (or "Fee Address” Indication form e i
PTO/SB/47; Rev 03-02 or more recent) attached, Use of a Customer attorneys or agents. If no name is listed, no name 3
Number is required. . will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. Inclusion of assignee data is only appropriate when an assignment has
been previously submitted to the USPTO or is being submitted under separate cover. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)

ACORN TECHNOLOGIES, INC. PACIFIC PALISADES, CA
Please check the appropriate assignee category or categories (will not be printed on the patent); Q individual X} corporation or other private group entity 3 government
4a. The following fee(s) are enclosed: 4b. Payment of Fee(s):

R Issue Fee @& A check in the amount of the fee(s) is enclosed.

Q Publication Fee 0 Payment by credit card. Form PTO-2038 is attached.

8 Advance Order - # of Copies __10 : & The Director is hereby authorized by charge the required fee(s), or credit any overpayment, to

Deposit Account Numbcn?, Oi—fégg (enclose an extra copy of thl); form),

Director for Patents is requeste% apply fe Issue Fee and Publication Fee (if any) or to re-apply any previously paid issue fee to the application identified above,

.

(Authorized Signature);// A 2/(“ (Date) .
Tarek N. Fahm eb.\Wo.: 41,402  January 7, 2004  01/14/2004 JADD02 00000002 10217758

NOTE; The Issue Fyé “and Publication Fee (if required) will not be accepted from anyone
other than the applicant; a registered anomegl or agent; or the assignee or other party in 01 FC:1501 1330.00 0P
interest as shown by the records of the United States Patent and Trademark Office. 02 FC:8001 30.00 0P

This collection of information is required by 37 CFR 1.311. The information is required to

obtain or retain a2 benefit by the public which is to file (and by the USPTO to process) an

application. Confidentiality 1s governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is

estimated to take 12 minutes to complete, including gathering, preparing, and submitting the

completed application form to the USPTO. Time will vary dependmf upon the individual '
case. Any comments on the amount of time you require to complete this form and/or
suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.

Patent and Trademark Office, U.S. Department of Commerce, Alexandria, Virginia

22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS.

SEND TO: Commissioner for Patents, Alexandria, Virginia 22313-1450.

Under the Paperwork Reduction Act of 1995, no %ersons are required to respond to a
collection of information unless it displays a valid OMB control number.

TRANSMIT THIS FORM WITH FEE(S)
PTOL-85 (Rev. 10/03) Approved for use through 04/30/2004. OMB 0651-0033  U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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DOCKET NO.. 3771P003

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Inre the Application of:
DANIEL E. GRUPP, ET AL. Art Group: 2814
- Application No.:  10/217,758 Examiner:  Ngo, Ngan V.

Filed:  August 12, 2002

L L Date of mailing of PTOL 85 entitled
For: Method For Depinning The Fermi Level of a "Notice of Allowance and Base Issue Fee

Sem_iconductor at an Electrical Jupction and Due" October 07. 2003
Devices Incorporating Such Junctions

Confirmation No. 1710

Mail Stop ISSUE FEE
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

TRANSMITTAL OF FORMAL DRAWINGS

Sir:

Enclosed herewith for filing in the above-identified U.S. Patent Application are the formal drawings, 6
sheets including 11 Figures. The three month period of response set in the Notice of Allowability (PTOL 37)
expires on January 7, 2004. This submission is on or before this expiration date. Please charge any additional
extension or petition fees under 37 C.F.R. §1.17 or credit for any overpayment to our Deposit Account No.

02-2666. A duplicate copy of the Fee Transmittal sheet is enclosed.

Respectfully submitted,
Blakely, Sokolgff, Taylor/& Zafman LLP

Dated:  January 7, 2004 7 4

Tarek N. Fahmi, Reg. No. 41,402

12400 Wilshire Boulevard, 7th Floor

Los Angeles, CA 90025 CERTIFICATE OF MAILING/TRANSMISSION

Telephone: (408) 947-8200 I hereby certify that this correspondence is being deposited with the
United States Postal Service on the date shown below with sufficient
postage as first class mail in an envelope addressed to: Mail Stop
Issue Fee, Commissioner for Patents, P.O. Box 1450, Alexandria, VA

. 22313-1450.
% é 35,0 . 01/07/04
PatrictA. Balero Date
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REQUEST Application No. 10/217,758 )
FOR Filing Date August 12, 2002
CONT'N UED EXAM INATION (RC E) First Named Inventor Daniel E. Grupp
pats TRANSMITTAL Art Unit 2814
g?::\fss(l)oner for Patents Examiner Name Ngo, Ngan V.
. Alexandria, VA 22313-1450 Attomey Docket Number | 3771P003 y

This is a Request for Continued Examination (RCE) under 37 C.F.R. § 1.114 of the above-identified application.
Request for Continued Examination (RCE) practice under 37 CFR § 1.114 does not apply to any utility or plant application filed prior to June
] 8, 1995, or to any design application. See Instruction Sheet for RCEs (not to be submitted to the USPTO) on page 2.

1. (Submission required under 37 C.F.R. §1.114 )

a. []. Previously submitted
i. [ Consider the amendment(s)/reply under 37 C.F.R. § 1.116 previously filed on
(Any unentered amendment(s) referred to above will be entered).
i. [J. Consider the arguments in the Appeal Brief or Reply Brief previously filed on

iii. [ Other

b. X Enclosed
i U Amendment/Reply iii. Information Disclosure Statement (IDS)
i. [ Affidavit(s)/Declaration(s) iv. X Other Petition to Withdrawal from Issue

2. Miscellaneous

a. [ ] Suspension of action on the above-identified application is requested under 37 C.F.R. § 1.103(c) for a
period of months. (Period of suspension shall not exceed 3 months; Fee under 37 C.F.R. § 1.17(i) required)

b. . Other

3. The RCE fee under 37 C.F.R. § 1.17(e) is required by 37 C.F.R. § 1.114 when the RCE is filed.

a. [X. The Director is hereby authorized to charge the following fees, or credit any overpayments, to
Deposit Account No. 02-2666.

i. [X. RCE fee required under 37 C.F.R. § 1.17(e) and any additional claims fee(s)
ii. [] Extension of time fee (37 CF.R. §1.136 and 1.17)
ii. [X. Other: Petition For Withdrawal from Issue ($130.00)

b. [X. Check in the amount of $515.00 enclosed

c. [. Payment by credit card (Form PTO-2038 enclosd)

WARNING: Information on this form may become public. Credit card information should not be
included on this form. Provide credit card information and authorization on PT0Q-2038.

SI'GNATUR7OF APPLICANT, ATTORNEY, OR AGENT REQUIRED

Name (Print/Type) Ta;ol‘ N ,ﬂ? bﬁ“ /{ Registration No. (Attorney/Agent) 41,402

a
Signature / : [,\’ ,.}/ ‘ . Date January 21, 2004
CERTIFICATE OF MAILING OR TRANSMISSION

| hereby certify that this correspondence is being deposited with the United States Postal Service on the date shown below with sufficient postage as
first class mail in an envelope addressed to: Mail Stop RCE, Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
January 21, 2004

Name (Pn'nt/rype)\ { Patricia A. Balero

 Signature Date January 21, 2004 p
Based on PTO/SB/30 (08-03) as modified by Blak}q[.x olokoff, Taylor & Zafman (wir) 08/11/2003.
SEND TO: Mail Stop RCE, Commissio P.Q. Box 1450, Alexandria, VA 22313-1450 .

ner for Patents!
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Application No. : 10/217,758 Confirmation No. 1710
Applicant : Daniel E. Grupp

Filed : August 12, 2002

TC/A.U. : 2814

Examiner : Ngo, Ngan V.

Docket No. : 3771P003

Customer No. : 08791

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450.

PETITION FOR WITHDRAWAL FROM ISSUE — ISSUE FEE PAID (37 C.F.R. 1.313(c

Sir:
PETITION .
1. Applicant hereby petitions for the withdrawal of this application from issue.
PATENT ISSUE FEE

2. The issue fee for this case was paid on January 7, 2004

REASON(S) FOR WITHDRAWAL REQUEST
3. The reason for the request for withdrawal from issue is:

X Consideration of a request for continued examination in compliance with 1,114.

INFORMATIAON DISCLOSURE STATEMENT

4, X Accompanying this petition is an information disclosure statement.
PETITION FEES
5. The petition fee is paid as follows:

Enclosed is a check in the sum of $130.00
X Please charge any fees due to Deposit Account 02-2666. A duplicate of this
petition is attached

o

Tar k N. Fahmi
12400 Wilkhire Boulevard . No. 41,402
Seventh Floor
Los Angeles, CA 90025-1026
(408) 947.8200

01/26/2004 CHGUYEN 00000077 10217758

02 FC:1460 130.00 0P

Date:

[ hereby certify that this correspondence is being deposited with the United States Postal Service as first class mail with sufficient
postage in an envelope addressed to the Assistant Commissioner for Patents, Washington, D.C. 20231 on: January 21, 2004
Date of Deposit
(. Patricia A, Balero

{

\%%m Person Mailing Correspondence \ \
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Docket No.: 3771P003

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In Re the Application of:
DANIEL E. GRUPP, ET AL. Art Group: 2814

licati . '
Application No.: 10/217,758 Examiner: Ngo, Ngan V.

Filed: August 12,2002

For: Method For Depinning The Fermi Level of
a Semiconductor at an Electrical Junction
and Devices Incorporating Such Junctions

INFORMATION DISCLOSURE STATEMENT UNDER 37 C.F.R. §1.97

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

Sir:

In accordance with the duty of disclosure, enclosed is a copy of Information Disclosure
Statement by Applicant (form PTO/SB/08), which is being submitted concurrently with the
Request for Continued Examination. It is respectfully requested that the cited references be
considered and that the enclosed copy of PTO/SB/08 be initialed by the Examiner to indicate
such consideration and a copy thereof returned to applicant(s). Copies of the references cited on
PTO/SB/08 are enclosed herewith.

The references were cited in a Search Report dated December 3, 2003 (copy enclosed
herewith) in a counterpart PCT application.
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The submission of this Information Disclosure Statement is not to be construed as a
representation that a search has been made in the subject application and is not to be construed
as an admission that the information cited in this statement is material to patentability.

Please charge any fees due to Deposit Account 02-2666. A duplicate copy of the Fee
Transmittal (PTO/SB/17) is enclosed for this purpose.

Respectfully submitted,
BI&?, OLOFE¢JAYLOR & ZAFMAN LLP
Date: January 21, 2004 .

Targk N. Falimi, Reg. No. 41,402

12400 Wilshire Boulevard, 7th Floor
Los Angeles, CA 90025
Telephone: (408) 947-8200
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&) Compound semiconductor surface termination.

2@ A surface termination of a compound semicon-

' ductor is provided wherein conditions are provided
@ for a pristine surface to be retained in an unpinned
O condition and a surface layer of a non-metallic ma-
. terial is provided. A GaAs substrate is heated in an
L oxygen-free atmosphere at high temperature with
hydrogen sulfide, producing a pristine surface with a
coating of gallium sulfide covered with a 1,000 nano-
O meter covering of low temperature plasma enhanced
@ chemical vapor deposited silicon dioxide.
L

Xarox Copy Centl:e

3D0CID: <EP_ 0295450A1 1>
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COMPQUND SEMICONDUCTOR SURFACE TERMINATION

Th invention relates to semiconductor devices
fabricated of compound semiconductor materiais
and to the surfaces of those semiconductor materi-
als that influence the fabrication of devices.

Th design and operation of compound semi-
conductor devices are influenced by a number of
factors, a principal one being the properties of the
exposed semiconductor surface and of interfaces
between the semiconductor crystal and metais or
insulators.

In such compound semiconductor devicaes, on
the surface of the semiconductor crystal, the Fermi
level is pinned at soms characteristic energy and
this produces the undesirable effect of both carrier
recombination at the surface and an inherent bar-
rier. Th deveiopment of a number of otherwise
possibl and useful devices and device structurss
have been p evented by these conditions and a
more nearly ideal interface, that is cne whose Fer-
mi level may be moved freely and has low recom-
bination velocity is required.

Th re has bsen effort directed to thes problem.
The effort usually is called passivation and the
result is the providing of a covering member over
the compound semiconductor crystal surface.

The work in the art indicates responsiveness to
th presence of the eiement suifur.

In U.S. Patent 4,354,198, it is taught that on a
Group -V compound semiconductor, such as
GaAs. a Group -Vl semiconductor operates to
passivate the surface, with the preferred Group I-Vi
compound being ZnS.

Further work indicates a need for care in the
fisid. In an article in the Journai of Vacuum Sciencs
& Technology, Volume 17, No. 5, p.1134,
S pt/Qct. 1980, there is described the fact that
exposure of GaAs to HzS in vacuum unpins the
. Fermi level and that this effect persists after the
adding of Al. In another article in the Journal of
Vacuum Science & Technology., Vol. B3, No. 4,
July/Aug. 1985, p.1197, studies and data indicate
the fact that for GaAs, arsenic must be removed or
the results become unpredictable In yet another
article, in the Journal of Vacuum Science and
Technology, Vel. 19, 1981, p.794, it is shown that
native oxides of Ga and As which form in the
presence of O are associated with Fermi level
pinning. Thus, O behaves in a detrimentai way.

The us of sulfur compounds to passivat
Group iV compound semiconductors has been
reported Applied Physics Letters, July 1987,
wherein data is advanced that lithium sulfid , am-
monium sulfide and sodium sulfide provid im-
provement in th GaAs surface recombination
property.

SDOCID: <EP___0295490A1_i_>

17

18

25

The sulfur compound type further passivation
work is reported in Applieg Physics Letters, July
1987, describing the use of sodium suifide in an
aqueous solution applied at surface electrode loca-
tions to provide passivation.

FIG. 1 is a schematic view of a compound
semiconductor crystal illustrating a surfacs with the
elements of the invention.

FIG. 2 is an illustration of a band diagram of
a tunneling type contact achievable with the inven-
tion.

FIG. 3 is an illustration of a variable barrier
height contact achievable with the invention

FIG. 4 is an illustration of passivation in a
planar structure whers a p-n junction is at the
surface.

FiQ. 5 is a schematic illustration of the ap-
plication of the invention {0 a metal oxide semicon-
ductor field effect transistor.

FiG. 6 is a schematic illustration of the ap-
plication of the invention to the passivation of a
bipolar transistor.

FIG. 7 is a schematic illustration of the ap-
plication of the invention to the passivation of a
light emitting device.

FiG. 8 is a schematic illustration of the ap-
plication of the invention to the passivation of a
semiconductor structure employing a smail dimsen-
sion, quantum wire typse feature.

The invention provides a surface termination
capability for a varisty of compound semiconductor
device structures in which there is recognized that
there are several interdependent factors that are
responsible and that useful termination properties
include compatibility with the device being fab-
ricated.

The invention structurally empioys a very thin
Fermi level pinning control layer of a material that
unpins the Fermi level of the compound semicon-
ductor material at the surface. This layer shouid be
on the order of a monolayer in thickness. A mon-
olayer layer of a material may be défined as one
surface atom for each surface atom of the material
on which it is positioned. The quantity needed for
coverage is sensitive to crystallographic orientation.
For compatibility with device fabricating the pinning
contro! layer would preferably be thin enough not
to attenuate light and permit tunneling for ohmic
contact psrformance. A quantum mechanical tun-
neling thickness of the order of 2 nm would be
satisfactory. The term pristine crystal surface refers
to a damags-free uncontaminated crystal surface.
Th layer of unpinning material is covered with a
second layer of a non-metallic material. The non-
metallic materiai is selected for dielectric, ambient
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reaction inertness and translucence propertiss.

The resuiting compound semiconductor crystal
with the surface termination structure of the inven-
tion can serve as an intermediate manufacturing
product in the fabrication of compound semicon-
ductor devices. .

The factors influencing the surface problem
may be viewed in the light of the following princi-
ples. In order to facilitate communication, the Hl-V
compound GaAs has been selected for illustration
although in the light of the principles invoived,
transiation to other semiconductor materials will be
readily apparent

The first factor is that there exists at a com-
pound semiconductor surface an agent rasponsible
for moving the Fermi level away from the normal
which is the position in the absence of any surface
charge and producing the phenomenon in the art
known as Fermi level pinning. In the case of GaAs,
this agent appears to be an excess of one or more
of the components of the compound semiconductor
crystal. In view of this, surface termination for prac-
ticai device purposes will require the removal of
any such agent at that surface. The semiconductor
surface is to be pristine.

A second factor is that the compound semicon-
ductor surface will react with the ambient and be-
come contaminated uniess steps are taken by pro-
tecting with a coating of material that insures that
the Fermi level remain in an unpinned condition
both on the shelf and in conditions of use, such as
in the presence of the materials at the device
interface.

The third factor is that generally materials that
will control the pinning condition must be able to.
be compatible with other functionai purposes in
device fabrication and there may be conditions of
material properties and layer thickness incompati-
bility. In accordance with the invention where such
conditions are encountered, a layer is applied to
provide the required properties.

The resuiting multilayer termination structure of
the invention is capable of being employed in a
variety of compound semiconductor device struc-
tures because the elimination of the Fermi levei
pinning condition enables the formation of ideal
interfaces where barrier height to conduction is no
longer constant but depends on the relative work
functions of the materiais. This in turn provides the
ability to selectably form such interfaces as ohmic
contacts, selectabie barrier hseight rectifying con-
tacts, and selectable threshold inversion channel
carrier control in devices.

Referring to FIG. 1, on a compound semicon-
ductor substrate 1, at a pristine surface 2, that is at
a surface 2 where there is essentiaflly no damage
and essentially no extraneous material, there will
be no pinning agent species, a layer of material

300CID: <EP___0295450A1_1_»>
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that retains the Fermi level in the normal position is
appiied. The layer for device fabrication and perfor-
mance compatibility is a very thin, of the order of a
monoiayer in thickness layer of a material 3 for
coverage and is preferably for tunneling purposes
of less than tunneling thickness.

Over the layer 3, a layer 4 is provided The
layer 4 is selected to provide dielectric, ambient
reaction inertness and transiucence properties. It is
non-metallic and may be a semiconductor or an
insulator.

In accordance with the invention, the com-
pound semiconductor may be a compound of Ga,
Al or In with As or Sb or temary and quaternary
alloys thereof.

The layer 3 is a compound of a cation ingre-
dient with respect to the compound semiconductor
together with one of S, Se and Te. In 2 compound
semiconductor, the element of the lower group of
the periodic tabte is the cationic ingredient. For one
example, a compound of Ga with S. For ancther
example, the layer 3 can be a cation oxide such as
Gaz03 for a GaAs crystal, if the anion oxide which
for GaAs would be As20; plus any excess anion
such as As are removed befere or during formation
of the unpinning layer.

The layer 4 is non-metailic and may be such
materials as low temperature plasma enhanced
SiO2, CaF2, NaS, ZnS, GaP, GaSe and polyimides.

In the fabrication of the invention, the substrate
1 may be rendered pristine and free of the pinning
producing species in, as exampies, the foilowing
ways, using GaAs as the sxample:

by heating the crystal with an arsenic coat-
ing at about 400" C for about 10 seconds
in vacuum. This procedure produces a
surface reconstruction such that the sur-
face unit ceil is equivalent to the bulk unit
cell and removes the cause of the Fermi
lavel pinning;

by treatment with zinc selenide in a beam
that tends to strip the arsenic from the
surface;

by exposure to an ambient of hydrogen
sulfide at high temperatures;

by the stching of the surface with acids
and bases; and

by photo-washing under conditions where
the crystal surface is subjected to water in
the presence of light.

All of these operations provide a compound
semiconductor crystal with pristine surface that
does not have any of the pinning causing species
thereon. Such a surface requires protection so that
in accordance with the invention a very thin ma-
terial that will retain the Fermi level in the free
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position is applied. This material is a compound of
the cation of the compound semiconductor crystai
and is a member taken from the group of S, Se
and Te, which for GaAs is gallium suifide, gallium
selenide and gallium tslluride. )

Th application of the layer 4 may smpioy such
techniques.as exposing the crystal 1 in FIG. 1 with
the layer 3 in place to an ambient of HzS, to an
evaporation of sodium suifide, gallium sulfide or
gallium selenide, and by the technique of photo-
washing. -

The technique of photo-washing is described in
European patent application Serial No. 87 107
476.1. The surface produced by that technique
may be used as the structure of Fig. 1 on which
the laysr 4 is to be applied.

The layer 4 is then applied in a thickness of up
to approximately 1,000 nanometsrs.

The surface termination of the invention is use-
ful in 3 variety of device structures.

Referring next to FIG. 2, there is shown a band
energy diagram illustrating an interface suitable for
ohmic contact performance where the layer 3 at
the pristine surface 2 resuits in the Fermi levei Ef
being unpinned at the surface 2 and the dielectric
layer 4 is made sufficiently thin to permit quantum
mechanical tunneling so that a contact through a
low work function metal, such as In for the metal S
will demonstrate on a GaAs crystal essentiaily oh-
mic conductiocn perfermance. The layer 3 being of
a monolayer qrder is thin enough not to interfere
with the tunneling mechanism and the layer 4 is of
the proper thickness which for most applications is
of the order of 2 nm generaily achieved in connec-
tion with the paositioning of the metal contact 5.

In the fabricating of different types of device
structures, it is desirable to have a barrier to elec-
trical conduction that is selectable. The selectability
provides controliable performance rectifying con-
tacts and the ability to control carrier flow in an
inversion channei in a device.

Referring next to FiG. 3, a band energy dia-
gram is shown where the layer 4 is sufficiently thin
to permit quantum mechanical tunnefing so that
when a higher work function metal, such as Au is
used for the metal 5, the performance is that of a
selectable Schottky barrier height. This is useful in
threshold control of field effect transistors.

In FIGS. 4 through 8, the application of the
invention to various types of semiconductor struc-
tures is illustrated.

Referring next to FIG. 4, there is illustrated a
device wherein there is a p-n junction 8 that termi-
nates at the surface. Where such a structural con-
dition occurs, the carrier recombination is aggra-
vated by the presence of very high fieids illustrated
at one intersection as element 7. In accordance
with the invéntion, the layers 3 and 4 under these
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conditions operat to prevent both carrier recom-
bination and th effects of the field. )

In FIG. 5, a field effect transistor s miconductor
device known as a Metal Oxide S miconductor
Field Effect Transistor (MOSFET) is illustrated
wherein the semiconductor substrate 1 has posi-
tioned therson source and drain ohmic contacts 8
and 9 that go through the laysr 3 on the surface 2
and dielectric layer 4 is in a shape modified to
accommeodate the other requirements of the de-
vice. The thin esssntially monolayer thickness of
the layer 3 permits the ohmic contacts 8 and g to
be merely positioned on the layer 3 which in turn
deesn't interfere with their electrical performance
The layer 4 serves as the insulator of gate 10 with
the layer 4 being provided with appropriate thick-
ness and dielectric strangth to have the threshold
properties for the inversion of a channel between
contacts 8 and 9 at the interface of the crystal 1.

With the structurai principles of the invention, it
will be readily apparent that the type of selectability
of the barrier shown in FIG. 3 provides flexibility in
imparting characteristics to a devica being fab-
ricated.

Referring next to FIG. 6. a bipolar transistor
type structure is illustrated vertically oriented with
respect to the substrate wherein the substrate 1,
appropriately doped, serves as the collector, with
an opposite conductivity type appropriately doped
base region 11 positioned adjacent the interface 2.
On the layer 3 at interface 2, a circular ohmic
electrode 12 is positioned separated from and sur-
rounding a mesa ssmiconductor region 13 spitax-
ially joined at the interface 2 serving as the emitter
which in tum has a contact facilitating semiconduc-
tor region 14 serving as the interface to the metal
emitter contact 15.

The features of the invention are employed in
this type of structure to facilitate prevention of
leakage probiems that occur with respect to clossly
positioned contacts, interfaces terminating at the
surface, and ohmic performance. The two layer
termination structure on pristine surface of the in-
vention is appiied around the emitter 13 shown as
element 16. The layer 4 is removed in the position-
ing of ochmic contact 12 and the layer 3 due to the
thin dimension thereof does not affect the chmic
performance of contact 12. '

The principies of the invention are further ap-
plicable to facilitate construction of electro-opticai
conversion devices.

Referring next to FIG.. 7, one of th serious
problems in th electro-optical conversion field has
been th transiucent passivation of pn junctions
that radiate light.

Referring to FIG. 7, a light emitting diode typs
device is shown wherein on a substrate 1, ther is
a high conductivity extrinsic n+ layer 18, an n-type
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layer 19 and a p-type layer 20 in a m sa type
configuration, with the pn junction between ele-
ments 19 and 20 serving as the light emitting
source in a mesa type configuration. The light
emitting junction at the surface is indicated as
having a field with the circle ‘at 21. The termination
structure of the invention is shown as element 22
applied over the mesa. The ohmic contacts 23 to
the n+ region 18 and 24 to the p region 20 are
made by removing the layer 4, the ohmic perfor-
mance being unaffected by the thin layer 3.

In this type of structure, the layers 3 and 4 in
the termination of the invention are sufficiently thin
not to attenuate the emitted light, yet they serve in
passivation and facilitate contacting.

Referring to FIG. 8, a typical, very small, of the
order of 5 to 10nm dimension active region device
is shown. Such a device has come to be known in
the art as a quantum wire structure. in FIG. 8, on
the substrate 25 of a first band gap semiconductor
materiai, such as GaAs, a region 26 of an at-
omically compatible different band gap high mobil-
ity semiconductor, such as InGaAs, is sandwiched
between another layer 27 of a different band gap
lower mobility semiconductor material such as
GaAs in a mesa configuration. In accordance with
the invention, the surface at both sides of the mesa
and the substrate is coated with the termination
structure comprising layer 3 on a pristine surface
covered by layer 4.

The termination operates to passivate the sur-
faces inciuding the hetero-interfaces between dif-
ferent semiconductor materials. Ohmic contacts 28
and 29 are illustrated showing the presence of the
layer 3 which due to thickness does not affect
ohmic contact performance. The structure of FIG. 8
would have a contact to the quantum wire region
26, not shown.

The preferred embodiment for fabrication of
the structure of FIG. 1 would employ a GaAs
crystai 1 which is heated with surface 2 exposed in
an oxygen-free atmosphere in H2S at 700" C for 30
seconds to render the surface 2 pristine and forms
a thin, of the order of a monolayer, coating 3 of
gallium suifide. The GaS coated structure is then
provided with a 1-1,000 nanometsr dielectric coat-
ing 4 of low temperature plasma enhanced chemi-
cal vapor deposited silicon dioxide.

What has been described is the fact that sur-
face termination of compound semiconductor ma-
terial for device use involves insuring the absence
of an agent that causes the pinning, the presence
of a material that prevents the pinning, and the
protection of that material with a non-metallic layer
that provides capability for dielectric, ambient reac-
tion inertness and transiucence properties.
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Claims

1. Compound semiconductor crystal intermedi-
ate manufacturing product comprising in combina-
tion on a pristine crystal interface of a monocrystai-
line compound semiconductor material taken from
the group of Ga or Al or In and As or Sb, and
monocrystalline temary and quaternary alloys
thereof,

a Fermi level pinning control layer of a compound
of a cation ingredient of said compound semicon-
ductor and a member taken from the group of S,
Se and Te in a thickness compatible with electrical
current conduction through said layer, and
a surface layer of a non-metallic material.

2. Intermediate manufacturing product of claim
1 wherein said compound semiconductor crystal is
GaAs and said Fermi level pinning control layer is
a Ga compound.

3. Intermediate manufacturing product of claim
1 wherein said non-metallic material is taken from

the group of SiQ., CaFz, NaS, ZnS, GaP, GaSe

and polyimides.

4. Intermediate manufacturing product of claim
1 wherein said Fermi level pinning layer thickness
is in a range of one monolayer to approximately 2
am.

S. Intermediate manufacturing product of claim
1 where the surface layer is in the range of 1 to
1000 nanometers thick.

6. In the fabrication of compound semiconduc-
tor device structures, the improvement in providing
a compound ssmiconductor crystal with a device
fabrication compatible surface termination, the in-
termediate manufacturing product comprising on a
pristine crystal interface of a monocyrstalline com-
pound semiconductor material taken from the
group of Ga or Al or In and As or Sb and mon-
acrystalline ternary and quaternary alloys thereof,

a Fermi level pinning control layer of a compound
of a cation ingredient of said compound semicon-
ductor and a member taken from the group of S,
Se and Te in a thickness compatible with slectrical
current conduction through said layer, and
a surface layer of a non-metallic material.

7. Intermediate manufacturing product of claim
6 wherein said compound semiconductor crystal is
GaAs and said Fermi level pinning control layer is
a Ga compound.

8. Intermediate manufacturing product of claim
6 wherein said non-metallic material is taken from
the group of SiOz, CaF2, NaS, ZnS, GaP, GaSe
and polyimides.

9. Intermediate manufacturing product of claim
6 wherein said Fermi level pinning layer thickness
is in a range of the order of one monolayer to
approximately 2 nm.

A
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10. Intermediats manufacturing product of
claim € where the surface layer is in the range of 1
to 1000 nanometers thick.
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(54) Structure and fabrication method for schottky and ochmic electrodes onto semiconductor
devices

(57) A novel electrode structure for Schottky elec-

trodes and Ohmic electrodes and novel methods of fab-

nicating electrodes by freely controlling electric charac- 1.5
tenstics of electrodes on semiconductors. Interface
states density of a semiconductor {11) after deposition
ol an electrode metal (13, 14) is decreased by flattening
the surface of the semiconductor on an atomic level to
freely control the Schottky barrier height. The method
can realize an ideal Ohmic electrode having a Schottky
barrier height of substantially zero. The Schottky barrier
hetght is varied freely by decreasing the interface level
density and selecting work function of the electrode met-
al The method can provide stable Schottky and Ohmic
electrodes {13, 14) without need of heat treatment. Fur-
ther. the method can provide Ohmic electrodes without
high concentration doping.
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D scription

The present invention relates to an electrode provided on a semiconductor and a method for fabricating an electrode
on a semiconductor. The present invention is applicable to various fieids of industry which involve fabrication of elec-

5 trodes on semiconductors. For example, the present invention can be applied to various semiconductor devices such
as microprocessors, memories, power devices and the like.

in conventional fabrication methods of electrodes on semiconductors, rectifying potential barriers, i.e., Schottky
barriers, which will appear on the interfaces between electrode metals and semiconductors, have been impossible to
control their magnitude. Hence, it has been impossible to artificially control the rectifying properties and conductivities

10 of ali the electrodes including not only those semiconductor devices whose performance depends directly onthe heights
of Schottky barriers, such as Schottky diodes as typical examples, but also those electrodes in the semiconductor
devices thus far fabricated. The Schottky barrier height and leakage current, which is an indicator of important per-
formance of interface on the device, inconveniently vary to a greater extent depending on combination of metals and
semiconductors as well as on the process in which the interface is formed. Conventionally, this problem has been

15 solved empirically. That is, when a new semiconductor has been developed, a method for fabricating an electrode on
the semiconductor has been investigated and developed for each metal one after another until a suitable one is ob-
tained. In other words, going into detail, there have conventionally been developed unique fabrication methods for
fabricating electrodes adapted for respective combinations of semiconductors and electrode metal materials. Because
of having had to resort to empirical rule, methods for fabricating electrodes differ from institution to institution or from

20 manufacturer to manufacturer. There has been established no fabrication method for fabricating electrodes which
method can be uniformly applied to any or most of electrode metal/semiconductor combinations. Under the circum-
stances, development of electrodes has needed much human and monetary resources for investigation. In all the
semicond Jctor device fabrication technology inclusive of technologies for fabricating integrated semiconductor devices
such as VLSIs and the like, only the technology for forming electrodes has remained as a unit technology that is out

25 of reach of successful efforts for free designing.

More specific explanation will be made as to how to fabricate electrodes for Schottky electrodes and Ohmic elec-
trod s, respectively.

First, in the case of Schottky electrodes, it was almost impossible to control their Schottky barrier height and, hence
there was no other way than accept such non-controlled values as they are. For example, silicon Schottky diodes have

30  almost fixed barrier heights on the order of about 0.5 to about 0.7 eV. While use of different metals or application of
heat to cause interface reaction will vary barrier height to some extent, the width of change in barrier height is at most
about 0.2 eV. Thus, in Schottky devices, the Schottky barrier height. which is the most important indicator for the device
characteristics, cannot be controlled freely.

. In the case of Ohmic electrodes, a severer problem arises. That is, electrode fabrication inevitably resuits in the

35 formation of a Schottky barrier whose interface usually shows rectifying resistance. As a resuit, formation of a conduc-
tive Ohmic electrode, which is contrary to the fabrication of an electrode having a rectifying resistance, requires in
principle a very difficull technique. Practically, in fabrication of almost all of the Ohmic electrodes fabricators have
presupposed presence of a Schottky barrier in the interface between the electrode metal and semiconductor and then
taken a measure to allow a leakage current to flow in the barrier.

40 There have been known several methods for increasing a leakage current. For example, a method for fabricating
a device in which impurity ions are doped to extremely increase the concentration of electrons or holes which contribute
to conductivity in the vicinity of the surface of the semiconductor (cf., e.g., E.H. Rhoderick and R.H. Wiiliams: “Metal-
Semiconductor Contacts, 2nd Ed.," Oxford Science Publications, 1988, M.Murakami: Materials Science Reports, 5,
273 (1990), P.A. Barnes and A.Y. Cho, Appl. Phys. Lett, 33, 651 (1978), and T. Uemoto: Jpn. J. Appt. Phys,, 34, L7

45 {995)). This reduces the width of the Schottky barrier, i.e., decreases the thickness of the depletion layer and, hence,
a leakage current in the form of tunneling current, can be flown in the thin depletion layer. However, in the case of SiC,
GaN and the like new semiconductor materials that are under development are usually difficuit to dope with impurities
at high concentrations so thal electrodes having sufficiently low resistance cannot be oblained in most cases. The
above-described method is not simple nor convenient in some cases since it requires an ion implanting apparatus or

s0 an electric oven for diffusing impurities in gaseous phases. Furthermore, the concentration of impurities has an upper
limit at about 1020cm 3. This automatically determines the minimum width of the depletion layer and, hence, sets tech-
nical limits to the interface resistance of an Ohmic electrode to be realized. Theorstically, this approach is unsuccessful
in making the interface resistance of the Ohmic electrode to be zero. In addition, there may occur reflection of electrons
or holes betwean the high concentration doped region and the low concentration doped substrate. This reflection of

55 carriers increases the resistance of the electrode. From these, the interface resistanc of an Ohmic lectrode fabricated
on a silicon substrate is limited to about 10-8 Qcm? based on the technical restrictions as described above.

Anocther method for fabricating an Ohmic electrode is to heat the electrode to decrease its resistance (cf., e.g., E.
H. Rhoderick and R.H. Williams: "Metal-Semiconductor Contacts. 2nd Ed.,* Oxford Science Publications, 1988, M.
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Murakami: Materials Sci nce Reports, §, 273 (1990), H.C. Card: IEEE Trans. Electron D vices, ED-23, 538 (1978),
T.C. Shen, G.B. Gao, and H. Morkog: J. Vac. Sci. Technol., B10, 2113 (1892), N. Braslau, J.B. Gunn, and J L. Staples:
Solid-State Electronics, 10, 381 (1867), J. Appl. Phys., 77, 1317 (1967), and J. Crofton, P.G. McMuilin, J.R. Williams,
and M.J. Bozack: J. Appl. Phys., 77, 1317 (1995)). in this method, after the electrode metal is deposited, heat treatment
is carried out so that there occurs interface chemical reaction between the metal and the semiconductor and metalli-
zation of the semiconductor proceeds in the vicinity of the interface. This induces impurity level or defect tevel in the
depletion layer of the Schottky barrier. These levels generate leakage current. This method is simple and can be used
in combination with high concentration doping. Because of the advantages, the method is used without fail in the
conventional process of fabricating electrodes. However, interface reaction is complicated since it differs from a metal/
semiconductor system to another and the mode of reaction varies widely depending on temperature and time of heat
treatment. In some reaction systems, it is often the case that heating resuits in the formation of good Schottky barrier,
which means heating does not always enhance Ohmicity (cf., e.q., S. Zaima, T. Yamauchi, Y. Koide, and Y. Yasuda:
Appl- Surf. Sci., 70, 624 (1993)). This is a decisive defect of the above-described heating method.

Still another approach is to grow on a first semiconductor a crystal of a second semiconductor having a bandgap
smaller than that of the first semiconductor so that the highest possible Schottky barrier height can be decreased to
facilitate the formation of Ohmic contact (cf., e.g., E.H. Rhoderick and R.H. Williams: *"Metal-Semiconductor Contacts,
2nd Ed.,* Oxtord Science Publications, 1988, M.Murakami: Materials Science Reports, 5, 273(1990), and T.C. Shen,
G.B. Gao, and H. Morkog: J. Vac. Sci. Technol., B10, 2113 (1992)). This method involves heteroepitaxy of a semicon-
ductor and, hence, its application is limited to semiconductor systems which allow heteroepitaxy.

Further, heteroepitaxy itself is a high technology which requires a complicated manufacturing process, which in-
creases production costs. Therefore, the method is suited to a very limited range of semiconductor materials, more
particularly, new semiconductor materials having wide bandgaps, such as GaN and the like, which are difficult to dope
impurities with high concentration doping of impurities.

The.above-described three methods use large process apparatus suitable for fabricating devices and thus are not
simple. Accordingly, in early stages of research and development for evaluating electric properties of materials or
dev loping various devices, simpler means such as scratching of semiconductor or the like is used (hers, by the term
*scratching® is meant to hurt the surtace of a semiconductor with a diamond needle or the like to coarsen it (ct., e.g.,
E.H. Rhoderick and R.H. Williams: "Metal-Semiconductor Contacts, 2nd Ed.," Oxford Science Publications, 1988). On
a coarse surface, a lot of structural defects are induced which increase leakage current. This method is quite incon-
venient for making fine structures in the fabrication of semiconductor devices. In most cases, no good interface resist-
ance can be obtained.

As described above, electrodes have been fabricated based on empirical rules. The primary reason for this is a
lack of common or uniform understanding of the mechanism in forming a metal/semiconductor interface potential bar-
rier. Uncontrollability of Schottky barriers and complexity of the mechanism of Ohmic contact formation which is attrib-
utable thereto wouid be due to the fact that Schottky barrier height is by nature fixed to a certain level. Fixation of
Schottky barrier height of a semiconductor is equivalent to the fact that the Fermi level is fixed in the bandgap of the

‘semiconductor on the metal/semiconductor interface. The fixation of Fermi level is usually referred to pinning of the

Fermi level. The pinning of the Fermi level occurs as a result of generation of electron level in the bandgap of a sem-

iconductor on the interface between the metal and the semiconductor. Carriers flow from bulk to the interface, i.e.,

electrons in the case of n-type semiconductor or holes in the case of p-type semiconductor flow from the bulk semi-
conductor to the interface and the carriers are trapped therein to create an electric double layer of the semiconductor
bulk and the interface, i.e., a potential barrier or Schottky barrier.

Reviewing the development of Schottky barrier, in 1947, J. Bardeen stated that the interface level is caused by
electronic level due to dangling bonds and the like existing on the surface of the semiconductor (ci. J. Bardeen: Phys.
Rev., 71, 717 (1947)). Therealiter, however, in view of the impossibility of controlling the surface level density accurately
by the technology available at that time. the leading view was that surface level density was uncontroliable and intrinsic
to the material concerned, and interface electron level embedded in a solid should be an essential electron levei that
was more difficult to control than the surface level. The belief that pinning was intrinsic to materiais and cannot be
controlied artificially has led to a theory of MIGS (Metal-induced Gap States) which explains a cause of generation of
interface levels (cf. V. Heine: Phys. Rev., 138, A1689 (1965)). According to this theory, interface levels are induced
when a metal approaches toward the semiconductor. Since 1965 when V. Heine proposed it, the MIGS theory has

been leading to date. The MIGS theory has inhibited research of a technology which controls the height of Schottky -

barrier. In fact. regardless of theories, there have been unavailable high technologies that can control interface level
density in actual semiconductor devices.

Concerning numerical consideration of pinning, the work which r ferr d to Schottky barrier for the first time was
by W. Schottky (cf. W. Schottky: Naturwissenschaften, 26, 843 (1938) and N.F. Mott: Proc. Camb. Philos. Soc., 34,
568 (1938)). According to Schottky, the Schottky barrier height, gbn, of a n-type semiconductor is given by the following
equation (1):
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pbn=@m-xS+C {1

wherein ¢om is a work function of the metal, xS is electron affinity of the semiconductor, C is a constant no greater than
5 several meV. On the other hand, the Schottky barrier height of a p-type semiconductor in a pinning-free state is given
by the following equation (2):

pbp=Eg- (¢m-xS+C) 2

wherein Eg is a bandgap.
The equations (1) and {2) are called Schottky models. However, no interface has been realized that meets these
equations. The actual interface is expressed by the following equation (3):

obn=8 (em-xS) +C (3

wherein S is a coefficient which indicates a dependence of ¢bn on ¢om and 0<S<1.
When S=0, ¢bn is conslant and the interface is pinned strongly. This state is called a Bardeen barrier. On the
20 contrary, when S=1, the equation (3) is the same as the equation (3) and represents a pinning-free interface according
to the Schottky-Mott model. Actual interfaces fall between the both states. Heretofore, the S factor has been believed
to be a physical property specific to the material concerned and, hence, beyond control.
Table 1 below summarizes values of S factor and maximum and minimum values of Schottky barrier height of
rcpresentative semiconductors.
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Table 1

PINNING RATIOS S OF VARIOUS KNOWN SEMICONDUCTORS AND RANGE OF SCHOTTKY BARRIER HEIGHT

MINIMUM SCHOTTKY MAXIMUM SCHOTTKY

SEMI- INTERCEPT BARRIER HEIGHT BARRIER HEIGHT
CONDUCTOR S FACTOR PARAMETER [eV]) (ev]
Ge 0.182520.05% -0.235C350.111
si(001) 0.192820.111 -0.345C250.351  0.37(GdSiz/HoSiz)2  0.94(Irsi3)3
GaAs(001)  0.222820.061 -0.40<C20.0751 0.62(Mg)4 0.96(Cu)4
GaP 0.212520.07% 0.455C50.801
InP 0.372520.241 -1.00SC2<0.811
Zns 0.662520.211 -1.635C250.911
ZnSe 0.242s20.171 -0.255€250.571 .
6H-SiC(0001) 0.252820.235-10 -3,5€C,50.155-10 0,73 (Ti)6 1.37(Au)5
1. B.L. sharma and S.C. Gupta, Solid State Technology, 23(6), 90 (1980).
2. K.N. Tu, R.D. Thompson, and B.Y.Tsaur, Appl. Phys. Lett. 38, 626(1981).
3. C.S. Petersson, et al., J. Appl. Phys., 50, 3357 (1979).
4, J.R Waldrop, J. Vac. Sci. Technol., B2, 445 (1984).
5. J.R. Waldrop, et al., J. Appl. Phys., 72, 4757 (1992).
6. J.R. Waldrop, et al., Appl. Phys. Lett., 62, 2685 (1993).
7. L.M. Porter, et al., Mat. Res. Soc. Symp. Proc., 287, 471 (1993).
8. L.M. Porter, et al., J. Mat. Res., 10, 26 (1995).
9. L.M. Porter, et al., J. Mat. Res., 1Q, 668 (1995).

10. L.M. Porter, et al., M. Mat. Res. 10, 2336 (1995).
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barrier heights.
Consequently, it has heretofore been impossible to freely control the Schottky height of metal/semiconductorinterfac s.

The present invention is directed to overcoming the problem of uncentrollability of the Schottky barrier height
between an electrode metal and a semiconductor, which problem has been an important subject since a transistor was

s invented. .

Also, the present invention is aimed at solving the scientific and technological problem of uncontrollability of Ohmic
electrodes, which has heretofore been considered a different problem from the uncontroilability of Schottky barrier
height.

Further, the present invention is intended to provide a systematic technoiogy which can control both Schottky

10 electrodes and Ohmic electrodes, that have been treated separately one from another, based on a single principle that
allows understanding thern consistently. More specifically. the present invention is directed to overcoming the problem
of uncontroliability of pinning of Fermi level of the interface of metal/semiconductor that has been impossible to control
conventionally.

Therefore, an object of the present invention is to provide a method for fabricating Schottky electrode or Chmic

15 electrode formed at the interface between an electrode metal/semiconductor, which enables freely controlling electric
properties of the electrode formed on the semiconductor.

Another object of the present invention is to provide an eiectrode structure comprising an electrode having a con-
trolied Schottky barrier height of the interface between the electrode metal and the semiconductor.

According to a first aspect of the present invention, there is provided a method of fabricating a layer of an electrode

20 metal on a surface of a semiconductor, comprising the step of:

decreasing a surface states density of the surface of the semiconductor.

According to a second aspect of the present invention. there is provided a method of fabricating a layer of an

electrode metal on a surface of a semiconductor, comprising the step of:
controlling a Schottky barrier height of a rectifying Schottky electrode formed on the surface of the semiconductor.

25 Here, the control of the Schottky barrier height of the Schottky electrode may be carried out by controliing flatness
of an electrode metal/semiconducter interface.

The control of the Schottky barrier height of the Schottky slectrode may be carried out by controlling a step density
on an atomic level of an electrode metal/semicenductor interface.

The control of the Schottky barrier height of the Schottky electrode may be carried out by controlling selecting a

30 work function of the metai.

The control of the Schottky barrier height of the Schottky electrode may be carried out by controlling the Schottky
barrier height of the Schottky eiectrode under conditions without giving thermal hysteresis.

Accordingto a third aspect of the present invention, there is provided a method of {abricating a layer of an electrode
metal on a surface of a semiconductor, comprising the step of:

35
fabricating a Schottky electrode from a metal having a high work function, and fabricating an Ohmic electrode from
a metal having a low work function, for an n-type semiconductor, or
fabricating a Schottky electrode form a metal having a low work function and an Ohmic electrode from a metal
having a high work function, for a p-type semiconductor.

40

Here, the method may further comprise the step of heating.
According to a fourth aspect of the present invention, there is provided a method of fabricating an Ohmic electrode,
comprising the step of: forming flat electrode metal/semiconductor interface on an atomic level.
According to a fifth aspect of the present invention, there is provided a method of fabricating an Ohmic electrode,
45 comprisingthe step of: forming an electrode metal/semiconductor interface having a low step density on an atomic level.
According to a sixth aspect of the present invention, there is provided a method of fabricating an electrode, com-
prising the step of:
fabricating an Ohmic electrode as described above in a highly integrated electronic device. )
Here, the semiconductor may be made of a semiconductor selected from the group consisting of Si and SiC. .
50 The electrode metal may be selected from the group consisting of Al, Au, Mo and Ti.
According to a seventh aspect of the present invention, there is provided a Schottky electrode structure provided
on a semiconductor having an interface portion which is flat on an atomic level. .
According to an eighth aspect of the present invention, there is provided a Schottky electrode structure provided
on a semiconductor having a Schottky barrier height which is impossible to realize by conventional m thod.
55 According to a ninth aspect of the pres nt invention, there is provided a Schottky electrode structur provided on
a semiconductor containing no high concentration impurity.
Accordingtoatenth asp ctof the presentinvention, there is provide an Ohmic electrode structure having a Schottky
barrier height which is substantially zero.
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Here, the semiconductor may b made of a semiconductor s | cted from the group consisting of Si and SiC.

The electrode metal may be selected from the group consisting of Al, Au, Mo and Ti.

According 10 an eleventh aspect of the present invention, there is provided a method of fabricating an electrode,
comprising the step of:

oxidizing a surface layer of smcon or silicon carbide on a surface of a semrconductor and removing the resuiting

oxide film.

Here, the oxidizing of the silicon or silicon carbide may be carried out by heating the silicon or silicon carbide in
an oxidative gaseous atmosphere.

Removing the oxide film may be carried out by reacting the oxide film with a reducing liquid or gas.

The silicon or silicon carbide may be n-type silicon or n-type silicon carbide, and wherein the electrode metal is a
metal having a work function lower than that of noble metals.

The silicon carbide may be p-type silicon carbide, and wherein the electrode material is a noble metal or a metal
having a work function of a level substantially equal to that of noble metals.

The electrode material may be titanium (Ti).

The electrode material may be aluminum (Al).

The above and other objects, effects, features and advantages of the present invention will become more apparent
from the following description of the embodiment thereof taken in conjunction with the accompanying drawings.

Fig. 1 is a graph plotting Schottky barrier height of a Schottky electrode fabricated on an n-type Si(001) substrate
by a conventional method against the work function of the electrode metal,

Fig. 2 is a graph illustrating regions representing Schottky barrier heights realized by the fabrication method of the
present invention,

Fig. 3 is a graph illustrating current-voitage characteristics of Ti electrodes on SiC according to examples of the
present invention;

Fig. 4 is a graph illustrating current-voltage characteristics of a Ti electrode on SiC which has been sub;ected to
a conventional treatment with 5% hydrofiuoric acid;

Fig. 5 is a graph illustrating current-voltage characteristics of an Al electrode on SiC according to the present
invention;

Fig. 6 is a graph illustrating current-voltage characteristics of Al electrodes on SiC according to the present inven-
tion:

Fig. 7 is a graph illustrating current-voltage characteristics of an Al electrode on Si(111) which has been subjected
to a conventional treatment with 5% hydrofluoric acid;

Fig. 8A is a sketch prepared based on an optical micrograph of the surface of a Ti electrode fabricated by the
fabrication method according to EXAMPLE 4 of the present invention;

Fig. 8B is a schematic cross sectional view showing the Ti electrode illustrated in Fig. 8A;

Fig. 9A is a sketch prepared based on an optical micrograph of the surface of an Ni electrode fabricated by a
conventional fabrication method;

Fig. 9B is a schematic cross sectional view showing the Ti electrode illustrated in Fig. 9A;

Fig. 10 is a graph illustrating logarithmic current-voltage characteristics of Au electrodes on 6H-SiC(0001) sub-
strates according to EXAMPLE 7 of the present invention;

Fig. 11 is a graph plotting Schottky barrier height of electrode metals fabricated on 6H-SiC(0001) substrates against
the work function of the electrode metais; and

Fig. 12 is a graph illustrating new areas for Schottky barrier heights of electrode metals fabricated on 6H-SiC(C001)
substrates using the techniques of the present invention.

in order to solve the problem of uncontroilability of Schottky barrier height, it is only necessary to decrease the
interface states density of the interface between an electrode metal and a semiconductor on which the elecirode metal
layer is formed. According to the present invention, a decrease in the interface states densily is realized by decreasing
the surface states density of the semiconductor before deposition of a metal thereon. The decrease in the surface
states density can be realized primarily by flattening the surface of a semiconductor on an atomic level.

Flattening of the surface of a semiconductor results in a decrease in an atomic step density which generates
dangling bond density which is a cause of surface states and in an amount of unstable atoms adsorbed on the surface
of the semiconductor. According to the present invention, it has been found for the first time that flattening of the surface
of a semiconductor on an atomic level decreases the surface states density of the semiconductor and that a decrease
inthe surfac states density is effective ford creasing the interface states density of the slectrode metal/s miconductor
structure.

Recently, th technology of flattening the surfac of semiconductors on an atomic level has developed rapidly and
a variety of methods have been proposed. The present invention uses the new st known atomic level surface flattening
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technologies to demonstrate the above effect. However, the present invention should notb construed as being limited
to specific atomic level surfac flattening techniques. There have been known several important techniques for flat-
tening surfaces of semiconductors on an atomic level, alt of wirich have been proved useful in decreasing interface
level density according to the present invention.

5 The present invention is based on a principle contrary to the conventional method in which particularly in the case
of Ohmic contact, the desired Ohmic contact has been realized by intentionally decreasing ideality of interface, ie.,
abruptness of structural connection.

Description will be made on how to flatten the surface of a semiconductor on an atomic level. An example of such
a method is to set up conditicns of oxidation appropriately so that oxidation can proceed flat on an atomic level, thus

70 making the surface of the semiconductor after etching more flattened than the original surface.

Another method is a treatment with dilute hydrofluoric acid adjusted to have an appropriate pH. The pH of the
solution can be rendered alkaline with ammonia water. Such a solution has an activity of flaitening the surface of a
semiconductor on an atomic level by means of a weak etching action of a lot of OH groups contained in the solution.
Similarly, a semiconductor may be immersed in boiling water. This method can flatten the surface of a semiconductor

15 on an atomic level by means of a weak etching action of deionized water.

High temperature heat treatment in hydrogen gas is aiso effective for flattening the surface of a semiconductor.
Homoepitaxial growth can accelerate surface migration of atoms at relatively iow growth rates to flatten the surface of
crystal growth. As the last example, a method utilizing electromigration can also be used for flattening the surface of
a semiconductor on an atomic level. Electromigration is a phenomenon in which upon application of efectric current to

20 a sample, surface atoms will migrate in a direction the same as or opposite to the direction in which electric current
flows. Use of this method semiconductor surfaces can be flattened depending on the conditions. The present invention
is not limited to the above-described specific methods. instead, any method that can flatten semiconductor surfaces
on an atomic level may be used similarly and will be effective for decreasing interface levels.

Hereinbelow, the idea of flattening semiconductor surfaces on an atomnic level will be described in more detail. To

25 be flat on an atomic level means existence of wide flat terraces when viewed on an atomic level. This directly indicates
that an atomic step density is low in the surface concerned. Atoms at a step generally have mora dangling bonds than
atoms on a terrace. While the dangling bonds on a terrace wiil disappear after the formation of an interface with a metal
due to bonding with the metal, the dangling bonds at a step will not disappear completely because of the step or
difference in height as high as the thickness of one atomic layer. Therefore, after the formation of an interface, a main

30 cause of generation of interface states is dangling bonds at steps. In other words, a decrease in a step density will
result in a decrease in an interface level density. Hence, in order to decrease an interface states density, it is sufficient
to flatten the surface of a semiconductor so that its step density can be decreased. Thus, even if the surface is not
flattened when viewed on a scale on the order of micrometers, existence of wide terraces in more minute regions will
suffice for decreasing interface states. Therefore, electrode structures with an interface having wide terraces on an

35 atomic level, even though they have uneven or rough surfaces when viewed in a broader region, will cause a decrease
in surface states density and, hence. fall within the scope of the present invention as defined below in appended claims.

If the interface states density is reduced enough by one of the above-described methods, the pinning of Fermi
level wilt disappear. On such a pinning-free interface, what determines its potential barrier is merely a difference be-
tween respective Fermilevels, i.e., a difference between respective work functions, of the metal and the semiconductor.

<0 In this case, Schottky-Mott model expressed by equations (1) and (2) above is followed. Therefore, in the case of an
n-type semiconductor; use of a metal having a high work function results in the formation of a Schottky barrier while
use of a metal having a low work function gives rise to an Ohmic contact. To control the Schottky barrier height, it is
only necessary to select an appropriate metal with regard to work function. For p-type semiconductors, the same idea
as that for n-type semiconductors can be applied except that relationship of the magnitudes of the work functions

45 shouid be reversed. -

According to the present invention, the Schottky barrier height of a semiconductor can be expanded to a minimum
value of 0 eV (cf. Fig. 2, region (1)) and a maximum value equivalent to the barzgap (cf. Fig. 2, region (l1)).

Also, controlling the degree of pinning will in effeci vary the Schottky height and, hence, controlling interface ievel
density will enable the Schottky barrier height even when the same metal is used. That pinning can be controlled means

50 that the Schottky barrier height can be controlled at will for each metal. As a result, the region where the Schottky
barrier height can be controlled is expanded to regions (lHl) and (IV) in Fig. 2.

As described above, the present invention has made it possible 1o expand the region where the Schottky barrier
height can appear from region (1) to regions (1) to (IV) in Fig. 2. Therefore, for a given metal, electrodes having the
Schottky barrier heights within one of the ragions (1) to (IV) also fall within the scope of the present invention. The

55 present invention is generally applicabt and op rable regardless of the kind of metal and for all n-type and p-typ
semiconductor substrates, can be set up the regions (I} to (V) as illustrated in Fig. 2 according to the present invention.
Table 1 above indicates the Schottky barrier height regions of the present invention for representative semiconductor
materials.
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Ancther important feature of th present inv ntion is that control of Schottky/Ohmic property can be performed
wihe ot neat rnatment. However, if heat treatm nt is carried out after the deposition of electrode metals, still a flat
in'ertace can be oblained since originally a flat surface on an atomic level is provided, an interface reaction between
tha metal and the semiconductor occurs uniformly in the interface therebetween. Therefore, the present invention is
Al>c SHectrve to electrodes which are subjected to heat treatment.

Whie not ntended to be bound thereto, the present invention can be applied suitably to fabrication of electrodes
on sicon cartide (SIC). While SiC is a material with which p- and n-type semiconductors can be used with ease, they
have vanous excelient physical properties such as large a large bandgap. The present invention will be explained
further Llaking SiIC as an example. Since in the present invention, processes are used that do not involve heat treatment,
no appreciable interface chemical reaction does occur between the metal and the semiconductor. Therefore, the re-
suitr g intertace receives the conditions of the surface of the semiconductor without any change, and the interface has
cixct ical characteristics which depend on structural and chemical properties of the surface of SiC before the deposition
of the clectrode metal. In other words, control of the conditions of the surface of SiC makes it possible to control electric
properies freely

When no reatment is performed on the surface of SiC, a natural oxide film is formed thereon. Also, a lot of water
ana o« Mmputity atoms are adsorbed on the SiC surface. Furthey, in the case of as ground surfaces, there are near the
suitace « ot ¢t impurity atoms contaminating or defects induced upon grinding. Such conditions depend strongly on
the process by which the SiC surface is fabricated so that the resulting surface does not always have the same surface
atdm coniions and surface electrenic state and then unstable.

1 the present invention, a method is used which depends strongly on the conditions of surface atoms as described
abuv: Thoret e such an unstable surface layer must be removed. For this purpose, SiC is oxidized and then the
resuling oxge fim 1s removed. The oxidation and removal of the oxide film may be performed simultaneously.

As a spec hic example of oxidation method for oxidizing silicon carbide (SiC), there can be used a method in which
SC n heated n an oxidizing gas atmosphere. The oxidation can be carried out at a heating temperature within the
rimgce of uzuaity 200 to 1,250°C, preferably 950 to 1,150°C.

Corcormurg tho solection of metals for use as an electrode material, a lot of metal materials with which Ohmic
elact-oaes nave nol been realized by the conventional high temperature heat treatment can be used for forming Ohmic
eloct-odes according to surface condition controlling technique in the fabrication method for fabricating electrodes on
S« accrwchng 1o the present invention. Properly speaking, a theoretical approach for realizing an Ohmic contact for
n-lype samconductors is to use metal materials having a low work function. However, conventionally, Ohmic contacts
were obl+ined by coarsening or roughening the interface by means of high temperature heat treatment to provide the
in‘ertace with 4 non-ideal {(non-uniform) structure and metai materials having a high work function which are difficuit
to ox dize were used in order to prevent the high temperature oxidation. On the contrary, in the present invention, heat
treatment goes not have to be done so that the interface is abrupt enough to be ideal one and then it is possible to
realive an Ohruc contact for those metal materials which do not have high work function naturally. Here, metals which
do not have high work functions are those metal materials composed mainly of elements other than noble metals (Ni,
Pd Pt Cu Ag and Au) having high work functions, such as Ni which has been used conventionally. More specifically,
a wice varicty of metals can be used, including, for example, Mg, Ca, Sr, Ba, Sc, Y, La. Ti, Zr, Hf, V, Nb, Ta, Cr, Mn,
Re Fe Al Ga In. Tl and the like. Among these, those metals having not so high an oxidizing capability, e.g., Ti and
Al arc preterred

In crder to realize Ohmic contacts with p-type semiconductors, theoretically, metal materials having high work
functions shouid be used. Conventionally, however, Chmic contacts were formed by addition of impurities in high con-
centishions and hence, aluminum (Al) has been used as an electrode metal because it can serve as a p-type impurity.
However Al has a low work function and is not suited as a metal for p-iype metals. In the present invention, metals
havirg rigr work tunctions are used. More specifically, metals which can be used for p-type semiconductors for forming
Ohmic contActs include noble metals such as Ni, Pd, Pt, Cu, Ag, and Al and metais having approximately the same
work function as the noble metals, such as Co, Rh, Ir, Ru, Os, and Re.

In the case of n-lype SiC, if heat treatment is required after the formation of electrodes, a metal which is resistant
to ox:daion and has a high work function can be deposited on the above-described electrode metals having low work
functions to prevent oxidation of the electrode portions. Similar effects can be obtained by depositing two or more
metals having low work functions on a metal forming a metal semiconductor interface. Therefore, if heating is needed
ordesired the above-described effect of the present invention cannot be deteriorated. What is important in the present
invention i 1o usc a metal having a low work function for an n-type SiC and a metal having a high work function for a
p-lype SiIC Practically, metals are divided into low and high work function metals when they have work functions up
10 4.5 eV or higher than 4.5 V. However, 4.5 V is not a strict threshdid valu . This is b cause when a metal is
deposited on SiC at ambient (room)t mperature, e.g., about 20°C, mutual diffusion of the atoms constituting the metal
and the atoms constituting the SiC semiconductor may occur on the metal/semiconductor interface and effective work
function alters if the metal used is highly reactive. So, 4.5 eV is to be understood to be a practical standard for classifying
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metals.

More specifically, the present invention comprises an oxidation process using an oxidative gas. Usually, a sample
1s placed in an oxidative atmosphere in an apparatus which enablies heating of the sample, such as electric oven, and
the sample is heated at a temperature within the range of 800 to 1,250°C. With this treatment, the surface of the sample

5 becomes insulating due to formation of an oxide film thereon and a sufficient electric contact is not achi_ved. Then,
the oxide film is removed with a reducing liquid or gas. It is often the case that the atoms on the surface of SiC are
arranged or accumulate in a manner different from that the atoms in the bulk of the SiC. The oxidation process in an
oxidative gaseous atmosphere is meant to oxidize such a denatured surface layer and make the surface layer ready
to be removed by a liquid process including dissolving the surface oxide layer with a reducing liquid to remove it, or

10 gaseous process involving reducing the surface oxide layer with a reducing gas to convert the oxide layer to a semi-
conductor of non-oxidized state.

In conventional processes for fabricating electrodes, immersion or dipping of a semiconductor in a dilute hydrofiuo-
ric acid has been conducted to remove spontaneous oxide film on the surface of SiC. However, no intentional or artificial
oxidation of SiC has been performed so that the unstable surface layer has not been removed completely, thus failing

15 to provide stable Ohmic contacts.

According to the present invention, development of Schottky and Ohmic electrodes, which has heretofore been
made relying on experience or empirical rules, can be made in a shorter time than before since the present invention
is based on a systematized knowledge. Thus, efforts for the development of electrodes can be minimized. The method
for fabricating electrodes according to the present invention does not need heat treatment, which makes a great in-

20 crease in stability of the electrode structure as compared with the conventional method in which heat treatment is
essential. Further, In the case of fabricating Ohmic electrodes, conventional methods use doping semiconductors with
impurities in high concentrations. In the present invention, however, high concentration doping is unnecessary so that
Ohmic electrodes can be fabricated simply and conveniently. In contrast to the conventional methods in which leakage
current in the Schottky barrier is used, the method for fabricating electrodes according to the present invention can

25  reduce the Schottky barrier height to zero so that high performance Ohmic electrodes having theoretically no interface
resistance that has not been achieved conventionally.

According to the present invention, Schottky barrier heights, that have been almost impossible to control by con-
ventional methods, can be controlled freely by controliing interface level density and selecting work function of metals.

In practicing the present invention, it is only necessary to make the surface of a semiconductor as flat as possible

30  on an atomic level. There are various kinds of known techniques for flattening the surface of a semiconductor on an
atomic level and all such techniques can be used in the present invention. Therefore, there is no technical difficuity in
practicing the present invention and the present invention can be applied to various metals and semiconductors simply
and conveniently.

Hereinafter, the present invention will be described in greater detail by examples with reference to the attached

35  drawings. However, the present invention should not be construed as being limited thereto.

EXAMPLE 1 Confirmation of Ohmic Property (SiC-Ti Structure)

In the instant example, vacuum sublimated n-type 6H-SiC was used as a semiconductor substrate immediately

40  after it was ground. The substrate had a carrier density of about 1x1017 cm3. At this carrier density, usually, the sem-
iconductor was not metallic and it was difficult to produce an Ohmic contact. The substrate was cleaned using methanol
and trichloroethylene, and then placed in an electric oven filled with an oxygen gas atmosphere and oxidized at 300
°C for 30 minutes, followed by 800°C for 10 minutes. Thus an oxide film of about 5 nm thick was formed. The substrate
was dipped in 5% hydrofluoric acid to remove the oxide film.

45 On the thus-obtained SiC substrate was deposited titanium (Ti), which is a representative high melting metal and
has a low work function. The work function of Ti was 4.4 eV, which is by 0.9 eV iower than Ni, which has conventionally
been used as an Ohmic electrode and has a work function of 5.3 eV. The SiC substrate used was not heated previously.
The thickness of deposited film was about 500 nm. Deposition was not carried out on the entire surface of the semi- '
conductor but through a metal mask formed with a round hole of 0.30 mm in diameter for subsequent electrical meas-

50 urements.

Fig. 3 is a graph illustrating current-voltage (I-V) characteristics of the sample taken out of the vacuum apparatus
(cf. line 3a). As apparent from Fig. 3, the line 3a is a straight line. Lack of nonlinearity as shown by the straight line 3a
in Fig. 8 clearly indicates that the electrode obtained is Ohmic, that is, current is proportional to voltage. The interface
resistance of the resuiting electrode was 6.7x102 Qcm2. The electrode made of a SiC material having a low carrier

5  density as low as 2x10'7 cm 2 had an Ohmic contact which had theoretically the lowest r sistance.

An electrode structure was fabricated in the sam manner as in EXAMPLE 1 except that no oxidativ etching was
conducted but only dipping in 5% hydrofluoric acid was performed (COMPARATIVE EXAMPLE 1). The comparative
electrode structure showed no Ohmic prop rty but exhibited Schottky property (Fig. 4). In Fig. 4, curves 4a and 4b

10
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show normal and rev rse direction leakage currents, respectively.

EXAMPLE 2 Confirmation of Ohmic Property (SiC-Al structure)

Next, an electrode structure was fabricated in the same manner as in EXAMPLE 1 except that instead of Tiwas -

used aluminum (Al), which is a non-transient, low melting metal and belonging to the group (Il}) of the periodic table.
In this case, too, was obtained an Ohmic contact similar to that fabricated in EXAMPLE 1. The work function of Al is
4.3 eV. Fig. 5 shows current-voltage characteristics of the aluminum electrode fabricated under the same conditions
as the Ti electrode. Similarly to EXAMPLE 1, a line 5 representing the current-voltage characteristics of the Al electrode
showed linearity and the interface resistance was about 1.4x102 Qcm2. The electrode made of a SiC material having
a low carrier density as low as 2x10'7 cm3 had an Ohmic contact which had theoretically the lowest resistance.

What is common between EXAMPLE 1 and EXAMPLE 2 is that the both metals used have work functions by about
1 eV lower than those of noble metals used as electrode metal for SiC in the conventional methods. The both metals
tested here exhibited effects which attain the objects of the present invention.

EXAMPLE 3 Confirmation of Ohmic Property (Si-Al structure)

The instant example is to show that the present invention is applicable to Si substrates and also realize Ohmic
contacts. As a semiconductor substrate was used an n-type Si substrate having a carrier density of 7x107 cm™3. The
substrate was cleaned using methanol and trichloroethylene, and then placed in an electric oven filled with an oxygen
gas atmosphere and oxidized at 300°C for 30 minutes, followed by 800°C for 10 minutes. Thus an oxide film of about
50 nm thick was formed. The subsirate was dipped in 5% hydrofluoric acid to remove the oxide film. The substrate
thus oblair ed was dipped in hot water to make the surface of the semiconductor substrate flat on an atomic level.
Thereafter, aluminum was deposited on the surface as an electrode metal. Fig. 6 illustrates current-voltage character-

istics of the resulting electrode structure. A line 6a, which is a straight line, represents the sample with 5% hydrofluoric .

acid treatment. A line 6b, which is also a straight line, represents the sample with hot water treatment after 5% hy-
drofluoric acid treatment. A line 8¢, which is also a straight line, represents the sample with 5% hydrofluoric acid treat-

ment followed by hot water treatment. Here, by the term "hot water treatment® is meant a treatment with heated deion-
ized water at a temperature below 100°C. From Fig. 6, it is apparent that the electrode fabricated according to the.

present invention has an Chmic contact having a good linearity of current-voltage characteristics {the line 6¢). Here-
tofore, as illustrated in Fig. 1, no metal could provide an Ohmic contact for Si substrates without high concentration
doping. in fact. a comparative sample having an Si(111) substrate which did not subjected to high concentration doping
and having a carrier density of 7 X 1016 em=3 (COMPARATIVE EXAMPLE 2) gave a Schottky barrier whose obn was
0.69 eV after receiving the same 5% hydrofluoric acid treatment as in the instant example (Fig. 7). In Fig. 7, curves 7a
and 7b denote current flows in normal and reverse directions, respectively. Comparing the lines 6a to 6¢ in Fig. 6, itis
observed that according as flattening processes are added or flatness increases, current increases and contact resist-
ance decreases. In the instant example (the line 6¢ in Fig. 6), the doping concentration was 7x10'® cm 3, at which the
width of the depletion layer is sufficiently thick and no tunneling will occur theoretically. Therefore, the Chmic property
observed in the sample of the instant example is considered to be atiributable to a sufficiently decreased Schottky
barrier.

EXAMPLE 4 Structural Uniformity of Electrode Structure

A Tielectrode was fabricated in the same manner as in EXAMPLE 1. Fig. BA is an illustrative view prepared based
on an optical micrograph of the surface of the Ti electrode. Fig. 8B is an expanded schematic cross sectional view
showing the Ti electrode shown in Fig. 8A. As COMPARATIVE EXAMPLE 3, was prepared an Ni electrode by a con-
ventional heat treatment method. The Ni electrode fabricated by cleaning using methanol and trichloroethylene, the
same n-lype SiC substrate as used in EXAMPLE 1, deposiling Ni thereon by vapor deposition and then healing the
substrate at 1.000°C for 60 minutes. Fig. 9A is an illustrative view prepared based on an optical micrograph of the
surface of the Ni electrode. Fig. 9B is an expanded schematic cross sectional view showing the Ni slectrode shown in
Fig. 8A.In Figs. BA and 9A, reference numeral 11 denotes an SiC substrate, 12 is an outline contour line of the electrode,
13 is an Ni electrode, and 14 is a Ti electrode. The both Ni and Ti slectrodes were in the form of a disk of 0.3 mm in
diameter. From Figs. BA, 8B, 9A and 9B, it is apparent that the Ti electrode fabricated on SiC fabricated without heat
treatment in accordance with the present invention has a high flatness in surface. The Ni slectrcde 13 shown in Fig.
9A has a rough surfac , clearly lacking structurai uniformity. In contrast, in the Ti el ctrode 14 of the present invention,
no region is observed where surface conditions are different, and th area inside a contour line 12 of th electrode 14
is uniform in appearance and highly flat, thus presenting xcellent structure for Ohmic structure. The electrode {abri-
cated according 1o the method of th present invention (Fig. 8B) had a surfac with an unevenness (X1} of 5 nm or

1"
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less On the contrary, the electrode fabricated by the conventional method (Fig. 98) had a surface with an unevenness
1X2) ot about 200 nm. This clearly indicates that the electrode fabricated by the method of th present invention had
a surtace flatness much superior to the electrode fabricated by the conventional method.

5 EXAMP_E 5 Dependence on Atomic Level Flattening Treatment - Epitaxial Growth

The same SiT substrate immediately after grinding as used in EXAMPLE 1 was dipped in boiling water (100°C)
tor 10 minutes On the other hand, a sample was prepared by homoepitaxially growing SiC on the same SiC substrate
after grinding as used in EXAMPLE 1. The sample was dipped in boiling water (100°C) for 10 minutes. Then, ditference

10 in current-voltage characteristics between the epitaxial SiC substrate and the SiC substrate immediately after grinding
were examined. In the case of the epitaxial SiC substrate, an expectation will be made that flattening in surface proceeds
suificiently so that the interface level density decreases and as a result, the Schottky barrier height decreased and
Onm ¢ property increases. In fact, the SiC substrate immediately after grinding had an interface resistance of 1.2x102
tiem- (the hne 3¢ in Fig. 3) while the epitaxial SiC substrate had an improved interface resistance of 6x10-3 Qecm? (the

15 lre 3a n Fig 3) From this it follows that epitaxial growth is effective for flattening on an atomic level the surface of a
semecorgustor and lor decreasing interface level density of the semiconductor.

ExXAMP _E 6 Dependence on Atomic Level Flattening Treatment - pH Adjusted Dilute Hydrofluoric Acid Treatment

20 An oxdived ciched substrate having a current-voltage characteristics represented by the line 3a in Fig. 3 as used
i EXANPLE 1 was dipped in a pH adjusted dilute hydrofiuoric acid for 10 minutes. Then, a metal was deposited on
tha surtace of the thus obtained substrate. In Fig. 3, the line 3b represents the current-voitage characteristics of the
cixct-ooc sample In this case, the dilute hydrofluoric acid was adjusted to pH 10. Comparison of the line 3b with the
Ire Za shows that the interface resistance is improved to 1.5x10-2 Qecm?2. As demonstrated in the instant example, pH

25 adjusied duute hydrofluoric acid treatment is also effective in decreasing interface level density.

EXAMP _E 7 Fabncation of a Schottky Electrode Showing Less Leakage

Fiq 10.llustrates current-voltage characteristics of goid (Au) electrode on 6H-SiC(0001) face. Lines 1Ca, 10b and
30 10c show normal direction leakage currents and 10a’, 10b’ and 10c' show reverse direction leakage currents. in the
case of 3iC surlace with usual 5% hydrofluoric acid treatment, the reverse direction leakage current was on the order
of 10 7 A-.cm? vine 10a’"). When oxidation/etching treatment was conducted, the reverse direction leakage current was
decreased 1o 10712 A/iem? or less (line 10b'), thus showing a drastically improvement in leakage characteristics by 12
dipts Furthermore. with additional boiting water treatment, the reverse direction leakage current was further improved
35 by 2 dig s 1o 10-2t A/em? (line 10¢Y). This indicates that oxidation/etching treatment and boiling water treatment which
acce-erate flattering of the surface of the semiconductor weaken the pinning of the Schottky barrier. To note, in the
instant example. the electrode itself was subjected to no heat treatment. Therefore, the instant exarmple clearly shows

th4t high quality Schottky electrode can be fabricated without heat treatment of the electrode.

40 EXAMP_E 8 Control of Pinning and Schottky Barrier Height

Fig 11 illustrate Schottky barrier height for various metals deposited on 6H-SiC(0001) face. The horizontal axis
indicates work function of the metal. In the case of usual pretreatment with 5% hydrofluoric acid, the Schottky barrier
height does not substantially depend on the work function of the metal and S factor which indicates an inciination of

45 the ine 1s about 0 2 (hine 11a). Then, atomic level flattening of SiC was conducted by oxidation/etching treatment, S=0.8
was obtlamned which indicates almost pinning free state (line 11b). Further, boiling water treatment gives rise to S=1.0,
which irdicates no pinning is observed (line 11c). Thus, the present invention realized pinning free state for those
sermicorductors which inherently show pinning. As a result, the Schottky barrier height can be freely changed merely
by changing the work function of the metal as illustrated in Fig. 11 clearly. When the same metal is used, change in

50 the process of atomic level flattening of the surface of the semiconductor results in varied Schottky barrier height. Note
that for Ti electrodes, Schottky barrier heights were theoretically estimated from contact resistance values.

Fig 12 ilustrates Schottky barrier heights of Schottky electrodes fabricated on 6H-SC(0001) substrates by the
conventional method and by the methods of the examples of the present invention. For strict comparison, conventional
electrodes were fabricated on ciean surfaces and 1-V charactsristics values measured at room temperature were used.

55 The data of the conventional electrodes exist in the region (0). Ti, Mo and Au electrodes subject d to oxidation/etching
treatment and boiling water treatment according to the present invention are plotted in regions (1), (IV) and {ll}, respec-
tively The data show that the present invention made it possible to realiz Schottky barrier h ights beyond the lower
limit {region (1)) and beyond the upper limit (r gion (1) that were impossible to achieve by the conventional method.

12
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The Mo electrode plotted in region (IV) gives the same Schottky barrier height as that of the conventional Ti electrode
having lower work function. This means thatto giv a certain Schottky barrier height, those m tals that wer considered
inappropriate in view of pinning action can be used in the method of the present invention.

As described above, Schottky barrier height of semiconductors can be freely controlled according to the present
invention.

Table 2 summarizes the results of examples and Comparative examples above.
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Table 2
Reverse
Direction
. Interface Leakage Surface
Electrode Resistance Current Unevenness
Substrate Metal Treatment Figure (10-2Qcm?) (A/cm?) (nm)
Ex. 1 sic Ti A+B Fig. 3 6.7
Line (a)
C.Ex.1 sic Ti B Fig. 4
Ex. 2 sic Al A+B Fig. 5 1.4 iy
Ex. 3 si Al A+B Fig. 6 ;
Line (a) ©
Si Al B+C Fig. 6 §
Line (b) B_
Si al A+B+C Fig. 6
Line (c)
C.Ex.2 Si Al B Fig. 7
Ex. 4 sic T4 A+B Fig. BA, | 52
Fig. BB
C.Ex.3 SicC Ni Cleaning* Fig. 9A, 200

Heating Fig. 9B
1,000°C
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Table 2 (Continued)
Reverse
Direction
Interface Leakage Surface
Electrode Resistance Current Unevenness
Substrate Metal Treatment Figure (10-2Qcm?) (A/cm?2) (nm) 4
Ex. 5 sic Ti A+B+C Fig. 3 1.2
(Bulk) Line (c)
Sic-Sic A+B+C Fig. 3 0.6
(Epitaxial) Ti Line (d) m
Ex. 6 sic Ti A+B' Fig. 3 1.5 o
Line (b) §
Ex. 7 6H-SiC Au A+B Fig. 10 10-19 §
(0001) 3
6H-SiC Au A+B+C Fig. 10 10-21
(0001)
C.Ex.4 6H-SiC Au B Fig. 10 1077
(0001)
Ex. 8 6H-SiC Ti, A+B+C Fig. 11
(0001) Mo,
Ni

*: with methanol and trichloroethylene
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from the foregoing to those skilled in the art that changes and modifications may be made without d parting from the
invention in its broader aspects, and it is the intention, therefore, in the appended claims to cover all such changes
and modifications as fall within the true spirit of the invention.

i

Claims

1. A method of fabricating a layer of an electrode metal on a surface of a semiconductor, characterized by comprising
the step of:
10 decreasing a surface states density of said surface of said semiconductor.

2. A method of fabricating a layer of an electrode metal on a surface of a semiconductor, characterized by comprising
the step of:
controlling a Schottky barrier height of a rectifying Schottky electrode formed on said surface of said semi-
15 conductor.

3. The method as claimed in claim 2, characterized in that said control of the Schottky barrier height of said Schottky
electrode is carried out by controlling flatness of an electrode metal/semiconductor interface.

20 4. The method as ciaimed in claim 2, characterized in that said control of the Schottky barrier height of said Schottky
electrode is carried out by controlling a step density on an atomic level! of an electrode metal/semiconductor inter-
face.

8. The method as claimed in claim 2, characterized in that said control of the Schottky barrier height of said Schottky
25 clectrode is carried out by controlling selecting a work function of the metal.

6. The method as claimed in claim 2, characterized in that said control of the Schottky barrier height of said Schottky
electrode is carried out by controlling the Schottky barrier height of the Schottky electrode under conditions without
giving thermal hysteresis.

7. A method of fabricating a layer of an electrode metal on a surface of a semiconductor, characterized by comprising
the step of:

fabricating a Schottky electrode from a metal having a high work function, and fabricating an Ohmic electrode
35 from a metal having a low work function, for an n-type semiconductor, or

fabricating a Schottky electrode form a metal having a low work function and an Ohmic electrode from a metal

having a high work function, for a p-type semiconductor.

8. The method as claimed in any one of claims 2 to 7, characterized by further comprising the step of heating.

<40
8. A method of fabricating an Chmic electrode, characterized by comprising the step of: forming flat electrode metal/
semiconductor interface on an atomic level.
10. A methed of fabricating an Ohmic electrode, characterized by comprising the step of: forming an electrode metal/
+5 semiconductor interface having a low step density on an atomic level.
11. A method of fabricating an electrode,
characterized by comprising the step of:
fabricatingan Ohmic elecirode as claimed in any one of claim 1 to 10 in a highly integrated electronic device.
50
12. The method as claimed in any one of claims 1 to 11, characterized in that said semiconductor is made of a sem-
iconductor selected from the group consisting of Si and SiC.
13. The method as claimed in any one of claims 1 to 12, characterized in that said electrode metal is s | ct d from
55 the group consisting of Al, Au, Mo and Ti.

14. A Schottky electrode structure provided on a semiconductor characterized by having an interface portion which is
flat on an atomic levei.

16
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A Schottky el ctrod structur provided on a semiconductor characterized by having a Schottky barrier height
which is impossible to realize by conventional method.

An Ohmic electrode structure provided on a semiconductor characterized by containing no high concentration
impurity.

An Ohmic electrode structure characterized by having a Schottky barrier height which is substantially zero.

The electrode structure as claimed in any one of claims 14 1o 17, characterized in that said semiconductor is made
of a semiconductor selected from the group consisting of Si and SiC.

The electrode structure as claimed in any one of claims 14 to 17, characterized in that said electrode metal is
selected from the group consisting of Al, Au, Mo and Ti.

A method of fabricating an electrode,
characterized by comprising the step of:
oxidizing a surface layer of silicon or silicon carbide and removing the resulting oxide film.

The method as ciaimed in claim 20, characterized in that said oxidizing of the silicon or silicon carbide is carried
out by heating the silicon or silicon carbide in an oxidative gaseous atmosphere.

The method as claimed in claim 2(). characterized in that said removing the oxide film is carried out by reacting
the oxide film with a reducing liquid or gas.

The method as claimed in any one of claims 20 to 22, characterized in that said silicon or silicon carbide is ntype
silicon or n-type silicon carbide, and wherein said slectrcde metal is a metal having a work function lower than that
of noble metals.

The method as claimed in any one of claims 20 to 22, characterized in that said silicon carbide is p-lype silicon
carbide, and wherein said electrode material is a noble metai or a metal having a work function of a level substan-
tially equal to that of noble metals.

The method as claimed in claim 23, characterized in that said electrode material is titanium (Ti).

The method as claimed in claim 23, characterized in that said electrode material is aluminum (Al).

A method of producing a Schottky diode or other semiconductor device having electrodes which includes fabricating
electrodes by any method or combination of methods as claimed in any of claims 9 to 13 or 20 to 26 or which
includes fabricating electrodes by patterning or fabricating in a pattern a layer of electrode metal produced by any

method claimed in claims 1 {o 8.

A semiconductor device having at least two metal electrodes formed on a semiconductor surface and wherein the
flatness of the semiconductor surface is different at each interface with said two respective metal electrodes.

. A device according to claim 28 wherein the electrodes are ochmic and Schottky electrodes respéctivety, and the

interfaces therewith are atomically flat and other than atomically flat respectively.
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height is varied freely by decreasing the interface level
density and selecting work function of the eiectrode met-
al. The method can provide stable Schottky and Ohmic
electrodes (13, 14) without need of heat treatment. Fur-
ther, the method can provide Ohmic electrodes without
high concentration doping.
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The above-identified application is withdrawn from issue for consideration of a submission under
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Petitioner is advised that the issue fee paid on January 12, 2004 in the above-identified
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paid issue fee to the application identified above.” Petitioner is advised that,
whether a fee is indicated as being due or not, the Issue Fee Transmittal Form
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Application No. Applicant(s)

10/217,758 GRUPP ET AL.
Office Action Summary Examiner Art Unit

Ngan Ngo 2818

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM
THE MAILING DATE OF THIS COMMUNICATION.

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed

after SIX (6) MONTHS from the mailing date of this communication.
- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely.
- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any

earned patent term adjustment. See 37 CFR 1.704(b).

Status

1) Responsive to communication(s) filed on 26 January 2004.
2a)]] This action is FINAL. 2b)[X] This action is non-final.
3)[J Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims

4)X Claim(s) 1-61 is/are pending in the application.
4a) Of the above claim(s) is/are withdrawn from consideration.
5] Claim(s) is/are allowed.
6)X Claim(s) 1-26 and 31-61 is/are rejected.
(
(

7)X Claim(s) 27-30 is/are objected to.
8)[] Claim(s) are subject to restriction and/or election requirement.

Application Papers

9)[] The specification is objected to by the Examiner.
10)] The drawing(s) filed on is/are: a)[_] accepted or b)[] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).
11)[J The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152.

Priority under 35 U.S.C. § 119

12)[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)~(d) or (f).
a)JAll b)[(J Some * ¢)[] None of:
1.0 Certified copies of the priority documents have been received.
2. cCertified copies of the priority documents have been received in Application No. __
3.0 Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).
* See the attached detailed Office action for a list of the certified copies not received.

Attachment(s)
1) (] Notice of References Cited (PTO-892) 4) [ Interview Summary (PTO-413)
2) [ Notice of Draftsperson’s Patent Drawing Review (PTO-948) Paper No(s)/Mait Date. _
3) [X) Information Disclosure Statement(s) (PTO-1449 or PTO/SB/08) 5) L] Notice of Informal Patent Application (PTO-152)
Paper No(s)/Mail Date 0104. 6) L] Other:
U.S. Patent and Trademark Office
PTOL-326 (Rev. 1-04) Office Action Summary Part of Paper No./Mail Date 0205
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Art Unit: 2818

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that

form the basis for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless —

(b) the invention was patented or described in a printed publication in this or a foreign country or in public
use or on sale in this country, more than one year prior to the date of application for patent in the United
States.

Claims 1-26 and 31- 61 rejected under 35 U.S.C. 102(b) as being anticipated by
Schroen et al.

Schroen et al discloses an electrical device comprising a metal (16), a silicon
based semiconductor (11) having a Fermi level, and an intereface layer (15) configured
to depin the Fermi level of the semiconductor in which the electrical device has a
specific contact resistance of less than 1000 ohm-um?. Note lines 21-25 of column 2,
lines 55-59 of column 2, and lines 60-63 of column 5 of Schroen et al. -

In re claims 2 and 3, the interface layer in Schroen is made of an oxide.

In re claim 5, Schroen shows a separation layer (12) in figure 2.

In re claims 10 and 11, no patentable weight is given to “fabricated by heating...".
A "product by process" claim is directed to the product per se, no matter how actually
made, In re Hirao, 190 USPQ 15 at 17(footnote 3). See also In re Brown, 173 USPQ
685; In re Luck, 177 USPQ 523; In re Fessmann, 180 USPQ 324, In re Avery, 186
- USPQ 161; In re Wertheim, 191 USPQ 90 (209 USPQ 554 does not deal with this
issue); In re Marosi et al, 218 USPQ 289; and patrticularly In re Thorpe, 227 USPQ 964,
all of which make it clear that it is the patentability of the final product per se which must
be determined in a "product by process" claim, and not the patentability of the process,

and that an old or obvious product produced by a new method is not patentable as a
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product, whether claimed in "product by process" claims or not. Note that applicant has
the burden of proof in such cases, as the above caselaw makes clear.

In re claim 19, the step of passivation of the surface of the semiconductor is
shown by oxide layer 12 in Schroen.

In re claim 46, the device in Schroen inherently has a workfunction approximately
equal to a conduction band of the semiconductor if the semiconductor is of n-type
semiconductor material or a workfunction approximately equal to a valence band of the
semiconductor if the semiconductor is of p-type semiconductor material.

Claims 27-30 are objected to as being dependent upon a rejected base claim,
but would be allowable if rewritten in independent form including ali of the limitations of
the base claim and any intervening claims.

Any inquiry concerning this communication should be directed to Examiner Ngan
Ngo at telephone number (571) 272-1711. The fax phone number for the organization
where this application or proceeding is assigned is 703-872-9306.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should
you have questions‘on access to the Private PAIR system, contact the Electronic

Business Center (EBC) at 866-217-9197 (toll-free).
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~r.~nry Examiner
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Application No.: 10/217,758

Applicant: Grupp, Daniel E. et al.

I hereby certify that this correspondence is being
deposited with the United States Postal Service as

Filed: 08/12/2002 first class mail with sufficient postage in an envelope

addressed to the Commissioner for Patents, P.O. Box
Art unit: 2818 1450, Alexandria, VA 22313-1450.
Examiner: Ngo, Ngan V. on __March 23, 2005

Date of Deposit
Docket No.: 3771P003 Patricia A. Balero
Customer No.: 08791 g Name of Person Mailing Correspondence
LORAE S 3/23/05
Confirmation No.: 1710 Signaury Date
Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450,
AMENDMENT

Sir:

In response to the Office action of February 11, 2005, please amend the above-

identified application as follow:

Amendments to the Claims are reflected in the listing of claims which begins on

page 2 of this paper.

Remarks/Arguments begin on page 12 of this paper.

04/05/2005 GWORDOF1 00000012 10217758

01 FC:2201 100.00 0P
02 FC:2202 200.00 0P
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Amendments to the Claims:

This listing of claims will replace all prior versions, and listings, of the claims

in the application:

Listing of Claims:

1. (Amended) An electrical device, comprising:
a metal;
a silicon-based semiconductor having-aFermi-level; and
an interface layer of less than 1 nm thickness in a vicinity disposed between

and in contact with both the metal and the semiconductor and configured to depin the
a Fermi level of the semiconductor metal,

wherein the electrical device has a specific contact resistance of less than or

equal to approximately 1000 Q— zm?.

2. (Original) The electrical device of claim 1 wherein the interface layer includes a

passivating material.
3. (Original) The electrical device of claim 2 wherein the passivating material comprises one
or more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of

silicon.

4. (Amended) The electrical device of claim 3 wherein the interface layer consists essentially

of a monolayer eonfigured-to-depin-the Eermi-level of the-semiconducter.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 2
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5. (Original) The electrical device of claim 2 wherein the interface layer further includes a

separation layer.

6. (Original) The electrical device of claim 1 wherein the specific contact resistance is less

than or equal to approximately 100 Q — um 2

7. (Original) The electrical device of claim 1 wherein the specific contact resistance is less

than or equal to approximately 50 Q— um®.

8. (Original) The electrical device of claim 1 wherein the specific contact resistance is less

than or equal to approximately 10 Q- zm”.

9. (Original) The electrical device of claim 1 wherein the specific contact resistance is less

than or equal to approximately 1 Q— um?.

10. (Original) The electrical device of claim 1 wherein the interface layer comprises a
passivation layer fabricated by heating the semiconductor in the presence of nitrogenous

material.,
11. (Original) The electrical device of claim 10 wherein the nitrogenous material comprises at
least one of ammonia (NH;), nitrogen (N,) or unbound nitrogen (N).

12. (Amended) An electrical device, comprising a metal — interface layer — Si-based

semiconductor junction in which the interface layer is less than 1 nm thick in a vicinity of the

junction and includes a passivating material and the electrical device has a specific contact

resistance of less than approximately 1000 Q— um?.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 3
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13. (Original) The electrical device of claim 12 wherein the specific contact resistance is less

than or equal to approximately 100 Q — um 2.

14. (Original) The electrical device of claim 12 wherein the specific contact resistance is less

than or equal to approximately 50 Q— um?.

15. (Original) The electrical device of claim 12 wherein the specific contact resistance is less

than or equal to approximately 10 Q— um?.

16. (Original) The electrical device of claim 1 wherein the specific contact resistance is

less than or equal to approximately 1 Q— um”.

17. (Original) The electrical device of claim 12, wherein the passivating material
comprises one or more of a nitride, an oxide, an oxynitride a hydride, a fluoride

and/or an arsenide of silicon.

18. (Original) The electrical device of claim 17, wherein the interface layer comprises a

passivation layer and a separation layer.

19. (Amended) A method, comprising depinning a Fermi level of a silicen-based

semieendueter conductor in an electrical junction with a silicon-based semiconductor through

the use of an interface layer disposed between a surface of the semiconductor and the &

conductor, wherein the interface layer (i) has a thickness of less than 1 nm in a vicinity of the

junction yet sufficient to reduce effects of metal-induced gap states in the semiconductor

while providing the junction with a specific contact resistance of less than approximately

1000 Q — um? , and (ii) passivates the surface of the semiconductor.

20. (Original) The method of claim 19 wherein the specific contact resistance is less than or

equal to approximately 100 Q- zm?.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 4
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21. (Original) The method of claim 19 wherein the specific contact resistance is less than or

equal to approximately 50 2 — um 2,

22. (Original) The method of claim 19 wherein the specific contact resistance is less than or

equal to approximately 10 Q— um®.

23. (Original) The method of claim 19 wherein the specific contact resistance is less than or

equal to approximately 1 Q— um”.

24. (Original) The method of claim 19 wherein the interface layer has a thickness sufficient to

provide a specific contact resistance of the electrical junction of less than or equal to
approximately 1 Q— um?.

25. (Original) The method of claim 19 wherein the interface layer includes a passivating
material selected from the list comprising: an arsenide, a hydride, a fluoride, an oxide, an

oxynitride and a nitride of silicon.

26. (Original) The method of claim 25 wherein the interface layer consists essentially of a

monolayer.

27. (Original) The method of claim 19 wherein the interface layer is grown on the

semiconductor surface at temperatures above approximately 300 °C.

28. (Original) The method of claim 27 wherein the interface layer is grown in the presence of

a nitrogenous material.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 5
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29. (Original) The method of claim 28 wherein the nitrogenous material comprises one of

ammonia (NH3), nitrogen (N,), or unbound nitrogen (N).

30. (Original) The method of claim 19 wherein the interface layer includes a passivation layer

grown by immersion of the semiconductor in a liquid containing hydrogen and fluorine ions.

31. (Amended) An electrical device, comprising a junction between a Si-based semiconductor
and a conductor separated from the semiconductor by an interface layer having a thickness of

less than 1 nm in a vicinity of the junction yet that allows a Fermi level of the conductor to

align with a conduction band of the semiconductor, wherein the electrical device has a

specific contact resistance less than approximately 1000 Q- um” .

32. (Original) The electrical device of claim 31 wherein the specific contact resistance is less

than or equal to approximately 100 €2 — zm 2,

33. (Original) The electrical device of claim 31 wherein the specific contact resistance is less

than or equal to approximately 50 Q— um*.

34. (Original) The electrical device of claim 31 wherein the specific contact resistance is less

than or equal to approximately 10 Q- um 2,

35. (Original) The electrical device of claim 31 wherein the specific contact resistance is less

than or equal to approximately 1 Q— um”.

36. (Amended) An electrical device, comprising a junction between a Si-based semiconductor

and a conductor separated from the semiconductor by an interface layer having a thickness of
less than 1 nm in a vicinity of the junction vet that allows a Fermi level of the conductor to

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 6
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align with a valence band of the semiconductor, wherein the electrical device has a specific

contact resistance less than approximately 1000 Q— um?.

37. (Original) The electrical device of claim 36 wherein the specific contact resistance is less

than or equal to approximately 100 Q— um®.

38. (Original) The electrical device of claim 36 wherein the specific contact resistance is less

than or equal to approximately 50 Q — um*.

39. (Original) The electrical device of claim 36 wherein the specific contact resistance is less

than or equal to approximately 10 Q— um?.

40. (Original) The electrical device of claim 36 wherein the specific contact resistance is less

than or equal to approximately 1 Q— zm?.

41. (Amended) An electrical device, comprising a junction between a Si-based semiconductor
and a conductor separated from the semiconductor by an interface layer having a thickness of

less than 1 nm in a vicinity of the junction yet that allows a Fermi level of the semiconductor to

be independent of a Fermi level of the conductor, wherein the electrical device has a specific

contact resistance less than approximately 1000 Q — ym 2,

42. (Original) The electrical device of claim 41 wherein the specific contact resistance is less

than or equal to approximately 100 Q— zm?.

43. (Original) The electrical device of claim 41 wherein the specific contact resistance is less

than or equal to approximately 50 Q- um 2,

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 7
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44. (Original) The electrical device of claim 41 wherein the specific contact resistance is less

than or equal to approximately 10 Q— um?.

45. (Original) The electrical device of claim 41 wherein the specific contact resistance is less

than or equal to approximately 1 Q— zm?.

46. (Amended) An electrical device, comprising:

a silicon-based semiconductor of either n-type or p-type semiconductor material;

a metal having a workfunction approximately equal to a conduction band of the
semiconductor if the semiconductor is of n-type semiconductor material or having a
workfunction approximately equal to a valence band of the semiconductor if the semiconductor
is of p-type semiconductor material; and

an interface layer of less than 1 nm thickness in a vicinity disposed between and in

contact with both the semiconductor and the metal, wherein the electrical device has a specific

contact resistance of less than or approximately equal to 1000 Q — zm?.

47. (Original) The electrical device of claim 46 wherein the interface layer includes a passivating

material.

48. (Original) The electrical device of claim 47 wherein the passivating material comprises one

or more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

49. (Amended) The electrical device of claim 48 wherein the interface layer consists essentially

of a monolayer

50. (Original) The electrical device of claim 47 wherein the interface layer further includes a

separation layer.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 8
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51. (Original) The electrical device of claim 46 wherein the specific contact resistance is less

than or equal to approximately 100 Q — um?.

52. (Original) The electrical device of claim 46 wherein the specific contact resistance is less

than or equal to approximately 50 Q — um?.

53. (Original) The electrical device of claim 46 wherein the specific contact resistance is less

than or equal to approximately 10 Q— um* .

54. (Original) The electrical device of claim 46 wherein the specific contact resistance is less

than or equal to approximately 1 Q— um?.

55. (Original) The electrical device of claim 46 wherein the interface layer comprises a
passivation layer fabricated by heating the semiconductor in the presence of nitrogenous

material.

56. (Original) The electrical device of claim 55 wherein the nitrogenous material comprises at

least one of ammonia (NHj3), nitrogen (N,) or unbound nitrogen (N).

57. (Amended) An electrical device, comprising:

a silicon-based semiconductor of either n-type or p-type semiconductor material;

a metal having a workfunction near or substantially equal to a conduction band edge of
the semiconductor if the semiconductor is of p-type semiconductor material, or having a
workfunction near or substantially equal to a valence band edge of the semiconductor if the

semiconductor is of n-type semiconductor material; and

Clients/AcomnTechnologies/3771P003/AmendmentAsFiledP003 9
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an interface layer of less than 1 nm thickness in a vicinity disposed between and in

contact with both the semiconductor and the metal and configured to depin a Fermi level of the

semiconductor metal.

58. (Original) The electrical device of claim 57 wherein the interface layer includes a passivating

material.

59. (Original) The electrical device of claim 58 wherein the passivating material comprises one

or more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

60. (Amended) The electrical device of claim 57 wherein the interface layer consists essentially

of a monolayer een

61. (Original) The electrical device of claim 57 wherein the interface layer further includes a

separation layer.

62. (New) An electrical device, comprising a junction between a Si-based semiconductor and a
conductor separated from the semiconductor by an interface layer having a thickness sufficient to
depin a Fermi level of the conductor in a vicinity of the junction yet thin enough to provide the
junction with a specific contact resistance that is generally dependent on the workfunction of the

conductor.

63. (New) The electrical device of claim 62 wherein the interface layer includes a passivating

material.

64. (New) The electrical device of claim 63 wherein the passivating material comprises one or

more of a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of silicon.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 10
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65. (New) The electrical device of claim 63 wherein the interface layer consists essentially of a

monolayer.

66. (New) The electrical device of claim 63 wherein the interface layer further includes a

separation layer.

67. (New) The electrical device of claim 62 wherein the interface layer comprises a passivation

layer fabricated by heating the semiconductor in the presence of nitrogenous material.

68. (New) The electrical device of claim 67 wherein the nitrogenous material comprises one of:

ammonia (NHj3), nitrogen (N;), or unbound nitrogen (N).

69. (New) The electrical device of claim 62 wherein the interface layer includes a passivation
layer grown by immersion of the semiconductor in a liquid containing hydrogen and fluorine

ions.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 11
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REMARKS

Reconsideration of this application, as amended, is respectfully requested. The claims have been
amended to clarify that the interface layer has a thickness of less than 1 nm in the region of the junction.
Support for these amendments may be found in the specification as originally filed, for example at
paragraph 59. In addition, the phrase “Fermi level of the semiconductor” has been revised to read
“Fermi level of the metal/conductor” in claims 1, 19 and 57 to clarify the nature of the physics as
explained at paragraph 70 of the specification as originally filed. No new matter is added by these

amendments.

The present claims are patentable over Schroen, US 3,983,264, which fails to teach or suggest the use of
such an interface layer. In fact, Schroen specifically indicates that the use of such an interface layer is
undesirable:

The adherent film of nonconductive material must have a thickness in
the range of about 10 — 100 Angstroms. A film of less than 10 A thick is
unsatisfactory due to lack of uniformity or operating stability, i.e., the
likelihood of discontinuities and lifetest failures.

Schroen at col. 3,11. 1 - 5.

To anticipate a claim, the reference must teach every element of the claim. Verdegaal Bros. v. Union Oil
Co. of California, 814 F.2d 628, 631, 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). Schroen fails to meet this

test because the reference fails to describe the use of an interface layer less than 1 nm thick as claimed.

New claim 62 recites an electrical device in which the interface layer has a thickness sufficient to depin
a Fermi level of the conductor yet thin enough to provide the junction with a specific contact resistance
that is generally dependent on the workfunction of the conductor. Support for this claim may be found,
for example at paragraph 70 et seq. of the specification as originally filed. This claim is patentable over
Schroen, which specifically indicates that the junction has a thickness sufficiently thick so that
resistance is independent of the metal workfunction. See, e.g., Schroen at col. 5, 11. 19 — 24 (‘the
metallurgical compatibility constraint is removed.”). Because these junctions are thus substantially

different, the new claim is patentably distinct from the structure disclosed by Schroen.

New claims 63 — 69 depend from claim 62 and include subject matter previously recited in other claims.
Hence, these claims are supported by the specification as originally filed and are patentable over

Schroen for at least the same reasons as claim 62.

Clients/AcornTechnologies/3771P003/AmendmentAsFiledP003 12

GF Exhibit 1002 - 245/273



For at least the foregoing reasons, all of the presently pending claims are patentable over Schroen. If
there are any additional fees associated with this communication, please charge Deposit Account No.
02-2666.

OR & ZAFMAN LLP

N

Dated: March 23, 2005

ad
Tapéf N. Fakmi
g. No. 41,402
12400 Wilshire Blvd.
Seventh Floor
Los Angeles, CA 90025-1026
(408) 947-8200
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SEVENTH FLOOR

LOS ANGELES, CA 90025-1030

Note: A certificate of mailing can only be used for domestic mailings of the

Fee(s) Transmittal. This certificate cannot be used for any other accompanying

Eapers. Each additional paper, such as an assignment or formal drawing, must
Certificate of Mailing or Transmission

ave its own certificate of mailing or transmission.
I hereby certify that this Fee&zsf) Transmittal is being deposited with the United
States Postal Service with sufficient postage for first class mail in an envelope
addressed to the Mail Stop ISSUE FEE address above, or being facsimile
transmitted to the USPTO (703) 746-4000, on the date indicated below.

(Depositor's name)

(Signature)
(Date)
| APPLICATION NO. l FILING DATE [ FIRST NAMED INVENTOR I ATTORNEY DOCKET NO. | CONFIRMATION NO. l
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710

TITLE OF INVENTION: METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION AND DEVICES

INCORPORATING SUCH JUNCTIONS

I APPLN. TYPE SMALL ENTITY l ISSUE FEE I PUBLICATION FEE I TOTAL FEE(S) DUE I DATE DUE I
nonprovisional NO $70 $0 $70 09/02/2005
{ EXAMINER | ART UNIT |  cLasssuscLass |
NGO, NGAN V 2818 257-030000

1. Chan}ge of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list
CFR 1.363). (1) the names of up to 3 registered patent attorneys 1

{J Change of correspondence address (or Change of Correspondence or agents OR, alternatively,

Address form PTO/SB/122) attached. (2) the name of a single firm (having as a member a 2

(J "Fee Address” indication (or "Fee Address" Indication form registered attomey or agent) and the names of up to

PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer | 2 registered patent attomeys or agents. If no name is 3

Number is required. listed, no name witl be printed.

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document hés been filed for

recordation as set forth in 37 CF
(A) NAME OF ASSIGNEE

Please check the appropriate assignee category or categories (will not be

3.11. Completion of this form is NOT a substitute for filing an assignment.

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

printed on the patent) : O Individual O Corporation or other private group entity (J Government

4a. The following fee(s) are enclosed:
[ Issue Fee
{J Publication Fee (No small entity discount permitted)
() Advance Order - # of Copies

4b. Payment of Fee(s):
{2 A check in the amount of the fee(s) is enclosed.
a Payment by credit card. Form PTO-2038 is attached.

J The Director is hereby authorized by charge the required fee(s), or credit any overpayment, to
Deposit Account Number (enclose an extra copy of this form).

5. Change in Entity Status (from status indicated above)
Ha. Applicant claims SMALL ENTITY status. See 37 CFR 1.27.

. Applicant is no longer claiming SMALL ENTITY status. See 37 CFR 1.27(g)2).

The Director of the USPTO is requested to a?
NOTE: The Issue Fee and Publication Fee (i

ply the Issue Fee and Publication Fee (if any) or to re-a
required) will not be accepted from anyone other than

ly any previously paid issue fee to the application identified above.
e applicant; a registered attorney or agent; or the assignee or other party in

interest as shown by the records of the United States Patent and Trademark Office.

Authorized Signature

Date

Typed or printed name

This callection of information is required by 37 CFR 1.311. The information is required to obtain or retain a benefit b
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 1

submutting the completed application form to the USPTO. Time will v
this form and/or suggestions for reducing this burden, should be sent t
Box 1450, Alexan:
Alexandria, Virginia 22313-1450.

d
o e

a, Virginia 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450,

Registration No.
i the public which is to file (and by the USPTO to process)
minutes to complete, including gathering, preparing, and
ending upon the individual case. Any comments on the amount of time you require to complete
ief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O.

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

PTOL-85 (Rev. 12/04) Approved for use through 04/30/2007.

OMB 06510033  U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313- 1450

WWW.USPLo.gov

L APPLICATION NO. | FILING DATE l FIRST NAMED INVENTOR | ATTORNEY DOCKET NO, | CONFIRMATION NO. —l
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710
08791 7590 06/02/2005 | EXAMINER |
BLAKELY SOKOLOFF TAYLOR & ZAFMAN NGO, NGAN V
12400 WILSHIRE BOULEVARD
SEVENTH FLOOR l ART UNIT |  papernumBER |
LOS ANGELES, CA 90025-1030 2818

DATE MAILED: 06/02/2005

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment to date is 242 day(s). If the issue fee is paid on the date that is three months after the
mailing date of this notice and the patent issues on the Tuesday before the date that is 28 weeks (six and a half
months) after the mailing date of this notice, the Patent Term Adjustment will be 242 day(s).

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information Retrieval
(PAIR) WEB site (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571) 272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at (703) 305-8283.

Page 3 of 3
PTOL-85 (Rev. 12/04) Approved for use through 04/30/2007.

GF Exhibit 1002 - 252/273



Application No. Applicant(s)
. oy 10/217,758 GRUPP ET AL.
Ngan Ngo 2818

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1. X This communication is responsive to the amendment filed 4-4-05.
2. X The allowed claim(s) is/are 1-69.
3. X The drawings filed on 12 August 2002 are accepted by the Examiner.

4. [[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or ().
a)[J Al b)[JSome* c¢)[JNone of the:
1. [ Certified copies of the priority documents have been received.
2. [[] Certified copies of the priority documents have been received in Application No.
3. [ Copies of the certified copies of the priority documents have been received in this national stage application from the
International Bureau (PCT Rule 17.2(a)).
* Certified copies not received: __

Applicant has THREE MONTHS F ROM THE “MAILING DATE” of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5. [] A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF
INFORMAL PATENT APPLICATION (PTQ-152) which gives reason(s) why the oath or declaration is deficient.

6. [[] CORRECTED DRAWINGS ( as “replacement sheets”) must be submitted.
{(a) [J including changes required by the Notige of Draftsperson’s Patent Drawing Review ( PTO-948) attached
1) [ hereto or 2) [] to Paper No./Mail Date

{b) O including changes required by the attached Examiner's Amendment / Comment or in the Office action of
Paper No./Mail Date .
Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of
each sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

7. ] DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)
1. ] Notice of References Cited (PTO-892) 5. [[] Notice of Informal Patent Application (PTO-152)
2. [J Notice of Draftperson's Patent Drawing Review (PTO-948) 6. [ Interview Summary (PTO-413),
Paper No./Mail Date .
3. [ Information Disclosure Statements (PTO-1449 or PTO/SB/08), 7. [[] Examiner's Amendment/Comment
Paper No./Mail Date
4. [J Examiners Comment Regarding Requirement for Deposit 8. [] Examiner's Statement of Reasons for Allowance
of Biological Material 9. [ Other

Tty

NganVan Ngo
Primary Examiner
U.S. Patent and Trademark Office
PTOL-37 (Rev. 1-04) Notice of Allowability Part of Paper No./Mail Date 0505
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Substitute for Form 1443A/PTO (Modified) Complete if Known
INFORMATION DISCLOSURE  {Aeslication Number 10217,758
‘ Filing Date August 12, 2002
- Y APPL|CANT First Named Inventor: Daniel E. Grupp
4\ Group Art Unit Not Yet Assigned
Examinar Name Not Yet Assigned
Attorney Docket Number 3771P003
U.S. PATENT DOCUMENTS
Name of Patentee or Applicant Data of Publication of | Pages, Columns, Lines,
of Cited Document Cited Document Whers Relevant
MM-DD-YYYY Passages or Relevant
Figures Appear
N 3,590,471 Lepseiter et al. 716171 D —
3,708,360 Wakefield, Jr., et al. 1/2/73 —
4,300,152 Lepselter 11/10/81 ———
4,485,550 Koenske et al. 12/4/84 —
5,399,206 de Lyon 3/21/95 —
1 5,612,567 Baliga 318/97 —
5,663,584 Welch 9/2/97 —
5,801,398 Hebiguchi 91/98 . —
5,888,891 Gould 3/30/99 e
5,939,763 Hao, et al. 8/17/99 e
6,037,605 Yoshimura 3/14/00 ——
6,096,590 Chan et al. 8/1/00 —
6,150,286 Sun, et al. 11/21/00 ——
\ 6,198,113 B1 Grupp a56/01 —
1 6,207,976 B1 Takahashi et al. 3727101 e
6,261,932 B1 Hulfachor T7/117/01 ———
6,201,866 Wallace, et al. 9/18/01 -
6,291,867 Wallace, et al. 9/18/01 N
6.303,479 81 Snyder 10/16/01 —
5,596,218 B1 Soleimani, et a!. 01-21-1997 —_
) 5,578,848 Kwong , etal. 11-26-1996 —
FOREIGN PATENT DOCUMENTS
Exam, cue' |Foreign Patent Document Name of Patantes or Applicant Date of Publication Pages, m X Te
iniar | No-' | Office  Number' Kind Code® of Cited Document of Cited mﬂ* Lines, Whers n
(1f known) : Figures Appear
Examiner ' Date Considered
Signature ‘J\)“‘\ ‘/ U\, ¥-177 N }

*EXAMINER: Inftial if reference ered, whether or nJl citation Is In conformance with MPEP 609; Draw fine through citation If not In
conformance and not considered. include copy of this form with next communication to applicant.

'Unique ditation designation number. 2See attached Kinds of U.S. Patent Documents. *Enter Office that lssued the document, by the two-
letter code (WIPO Standard $.3). *For Japanese patent documents, the indication of the ysar of reign of the Emperor must precede the

sertal number of the patent document. *Kind of document by the appropriate symbols as indicated on the document under WIPO Standard
ST.18 if possible. Applicant Is to place a check mark here if English language Transtation Is attached.

Burdan Hour Staternent: This form Is estimatad 10 take 2.0 hours to compiota. Time will vary depending upon the needs of the individual
case. Any comments on the amount of me you are required to complate this form should be sent to the Chief Information Officer, Patent
and Trademark Office. Washington, DC 20231, DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND YO:
Assistant Commigsioner for Patents, Washington, OC 2023t,

————————————————————
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Issue Classification Application/Control No. 222:::3;(:&/::tent under
10/217,758 GRUPP ET AL.
Hm ||‘|| ||| Examiner Art Unit
Ngan Ngo 2818
ISSUE CLASSIFICATION
ORIGINAL CROSS REFERENCE(S)
CLASS SUBCLASS CLASS SUBCLASS (ONE SUBCLASS PER BLOCK)
2577 4,0 15 T3y
INTERNATIONAL CLASSIFICATION
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S’&.é/_ 275 f T-Th -\T Print Claim(s) Print Fig.
(Legal Instrumentd Examiner)  (Date) ' (Primary EX&W (Date) s 7 D
B’Clalms renumbered in the same order as presented by applicant | [7] CPA .. [ R.1.47
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UNITED STATES PATENT AND TRADEMARK QOFFIGE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

N e %ﬁ%ﬁfﬁﬁiﬁwg
||||||||||||||||||||ﬂ||||ﬂﬂﬂ||l|“||m||||]||||||||l|[]|ﬂ||“||| CONFIRMATION NO. 1710
Bib Data Sheet

FILING DATE
SERIAL NUMBER 08/12/2002 CLASS GROUP ART UNIT DAOngg.I'."Eé
10/217,758 257 2818 '
RULE 3771P003

APPLICANTS

Daniel E. Grupp, Palo Alto, CA;

Daniel J. Connelly, Redwood City, CA,

%% CONTINUING DATA e vk ook ok ek e e e ok ke e ek ok

% & FORE'GN APPLICATIONS Wk ded ok ko kA ek ok ko ok

|IF REQUIRED, FOREIGN FILING LICENSE GRANTED
** 10/21/2002

STATE OR | SHEETS TOTAL  [INDEPENDENT]

Foreign Priority claimed ' I:I yes gno

35 USC 119 (a-d) conditions D ves

met Allowa\n/e

no D Met after

Verified and Al A COUNTRY | DRAWING CLAIMS CLAIMS
IAcknowledged Exdfniner's Signature Y Initials CA 6 61 8
IADDRESS

08791

BLAKELY SOKOLOFF TAYLOR & ZAFMAN
12400 WILSHIRE BOULEVARD

SEVENTH FLOOR

LOS ANGELES , CA

90025-1030

TITLE
|[METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION
IAND DEVICES INCORPORATING SUCH JUNCTIONS

10 Al Fees |
FEES: Authority has been given in Paper U 1.16 Fees ( Filing )
No. to charge/credit DEPOSIT ACCOUNT |
FILING FEE |[No. for following: 0 1.17 Fees ( Processing Ext, of
time )
RECEIVED | |
http://neo:8000/PrexServlet/Prex Action 5/26/05
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A AL T ALY L ANLALNILYAR & R SRR /

. , )
Complete and send this formptogether with applicable fee(s), to: Mail ' Mail Stop ISSUE FEE
. s » Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

or Fax  (703) 746-4000

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if requiged{). Blocks 1 through 5 should be completed where
gpé;_ropriate‘ All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
in

icated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for
maintenance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block | for any change of address) Note: A certificate of mailing can only be used for domestic mailings of the

Fee(s) Transmittal. This certificate cannot be used for any other accompanying
ﬁapers. Each additional paper, such as an assignment or formal drawing, must

08791 7590 06/02/2005 ave its own certificate of mailing or transmission.
BLAKELY SOKOLOFF TAYLOR & ZAFMAN Certificate of Mailing or Transmission b the United
I I hereby certify that this Fee(s) Transmittal is being deposited with the Unite
12400 WILSHIRE BOULEVARD States Postal garvice with su%t)xcient postage for first chss mail in an envelope
SEVENTH FLOOR addressed to the Mail Stop ISSUE FEE address above, or being facsimile

transmitted to the USPTO (703) 746-4000, on the date indicated below.
o)

LOS ANGELES, CA 90025-1030
07/20/2005 HDENESS2 00000081 022666 10217758

(Depositor's name)

(Signature)

01 FC:1501 70.00 DA 1330, 00 OP
14, 2005 (Date)
I APPLICATION NO. | FILING DATE I IAI‘I‘ORNEY DOCKET NO. | CONFIRMATION NO, ]
10/217,758 08/12/2002 Daniel E. Grupp 3771P003 1710

TITLE OF INVENTION: METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN ELECTRICAL JUNCTION AND DEVICES
INCORPORATING SUCH JUNCTIONS

[ APPLN. TYPE | SMALL ENTITY | 1SSUE FEE | PUBLICATION FEE [ TOTAL FEE(S) DUE | DATE DUE |
nonprovisional NO $70 $0 $70 09/02/2005
| EXAMINER | ART UNIT [ cLasssuscLass |
NGO, NGAN V 2818 257-030000

1. Chan3ge of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list BEAKELY SOKOLOFF
CFR 1.363). (1) the names of up 1o 3 registered patent attorneys 1

{J Change of correspondence address (or Change of Correspondence or agents OR, altematively,

Address form PTO/5B/122) atiached. (2) the name of a single firm (having as a member a 2

() "Fee Address" indication (or "Fee Address" Indication form registered attorney or agent) and the names of up to

PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 2 registered patent attorneys or agents. If no name is 3

Number is required. listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assi%nee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for

recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignmf{‘ﬂl i t dates 07/20/2005 HDEMESS?
AQ%d%ua ‘é}%{, JAdGe " 60000002 10217758

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATI'E ORo 30.00 0P
ACORN TECHNOLOGIES, INC. Pacific Palisades, CA
Please check the appropriate assignee category or categories (will not be printed on the patent) : (. Individual & Corporation or other private group entity (1 Government
4& Ellisf::(leol‘:: . fieis) %rizlggseedts ee Attachment re: 4tb Paym:;:c(;(fize:::);mount of the fee(s) is enclosed.
(1) Publication Fee (No small entity discount permitted) ] Payment by credit card. Form PTO-2038 is attached.
) Advance Orter - #f Copies A The Rirecir is herchy ghoggeg by charge the fedured fc(s), o crecit any gverpaymen, (o

5. Change in Entity Status (from status indicated above)
Ha Applicant claims SMALL ENTITY status. See 37 CFR 1.27. b Applicant is no longer clainiing SMALL ENTITY status. See 37 CFR 1.27(g)(2).

The Director of the USPTO is requestefl to z}?ply e Issue Fee and Publication Fee (if any) or to re-apply any previously paid issue fee to the application identified above.
NOTE: The Issue Fee and Publication Fee (if required) will not be accepted from anyone other than the applicant; a registered attorney or agent; or the assignee or other party in
interest as shown by the record;/ﬁ\f the \Inited Statgs Patent and Trademark Office.
MAVAVAYAN
Authorized Signature y IR ¢ . Date _July 1 4, 2005
Typed or printed name Taré,k N. Fahmi Registration No. 41,402

This collection of information is required by 37 CFR 1.311. The information is required 1o obtain or retain a benefit by the public which is to file (and by the USPTO to process)
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take lg minutes to complete, including gathering, preparing, and
submutting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to complete
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O.
Box 1450, Alexandna, Virginia 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450,
Alexandria, Virginia 22313-1450.

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number,

PTOL-85 (Rev. 12/04) Approved for use through 04/30/2007. OMB 0651-0033  U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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Application No.

10/217,758

Filing Date

August 12,2002

First Named Inventor

Daniel E. Grupp

1
«

Art Unit 2814
Examiner Name Ngo, Ngan V.
Total Number of Pages in This Submission 4 Attorney Docket Number| 3771P003

ENCLOSURES (check all that apply)

D Fee Transmittal Form

D Fee Attached

|___| Amendment / Response

D After Final

D Affidavits/declaration(s)
Extension of Time Request

Express Abandonment Request

Information Disclosure Statement

[ prosssios

Certified Copy of Priotity
Document ss)

Response to Missing Parts/
Incomplete Application

I:] Baslc Filing Fee
D Declaration/POA

[:] Response to Mlssmg
Parts under 7 CFR

oo oOoaod

D Drawing(s)

D Licensing-related Papers

D Petition

Petition to Convert a
Provisional Application

I:] Power of Attorney, Revocation
Change of Correspondence Address

|:| Terminal Disclaimer

D Request for Refund

[] co. Number of cD(s)

After Allowance Communication
to Group

D AFReaI Communication 1o Board
ppeals and Interferences

D Appeal Communication to Group
(Appeal Notice, Brief, Reply Brief)

I:I Proprietary Information

D Status Letter

x Other Enclosure(s)
(please identify below):

Request That The Issue Fee
Paid On January 12, 2004 Be
Applied Towards The New
Notice Of Allowance;
Postcard.

Remarks

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT

CERTIFICATE OF MAILING/TRANSMISSION

girrm Tarek N. Fahrhi, Reg. No. 41,402

Individual name | g AKAELY OKOLOFF, TAYLOR & ZAFMAN LLP
Signature / /L/‘V\

Date Jul 14 2005

Alexandria, VA 22313-1450.

| hereby certify that this correspondence is being deposited with the United States Postal Service on the date shown below with
sufficient postage as first class mail in an envelope addressed to: Mail Stop Issue Fee, Commissioner for Patents, P.O. Box 1450,

Gengrd V;/EIS /o)

Typed or printed name

| pate |

July 14,2005

\__Signature /////14//4// 2 % )

Based on PTO/SB/21 (04-04) as modified by ely, Solokoff, Taylor & Zafman (wir) 06/04/2004.
SEND TO: Commissioner for Patents, P.O, 1450, Alexandria, VA 22313-1450
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Application No.: 10/217,758 Confirmation No.: 1710

Applicant: Grupp, Daniel E. et al.

I hereby certify that this correspondence is being

Filed: 08/12/2002 deposited with the United States Postal Service as

first class mail with sufficient postage in an envelope
o, addressed to the Commissioner for Patents, P.O. Box

Art unit: 2818 1450, Alexandria, VA 22313-1450.

Exantiner: Ngo, Ngan V.

on___July 14, 2005
Date of Deposit

Docket No.: 3771P003
Customer No.: 08791

Geneva-Walls Ve [

Mail Stop Issue Fee
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450.

REQUEST THAT THE ISSUE FEE PAID ON JANUARY 12, 2004 BE APPLIED TOWARDS
THE NEW NOTICE OF ALLOWANCE

Sir:
In response to the New Notice of Allowance, we request that the Issue Fee paid on January 12,

2004 be applied towards the new Notice of Allowance of the above-identified application.

If there are any additional fees associated with this communication, please charge Deposit

Account No. 02-2666.

Dated: July 14, 2005

Tarek{N. Fahmi
Reg. No. 41,402
12400 Wilshire Blvd.
Seventh Floor
Los Angeles, CA 90025-1026
(408) 947-8200
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S nnenschein

SONNENSTHEIN NATH & ROSENTRALLLF

1R3C Page Mill Road
Suite 200
Pala Alto, CA 94304-1125
Farek N. Fahmi 630.798.0300
630,793 0320 &50.798.0110 fax
thahmigisonnenschein.com were. sornenschein. com

February 1, 2010

Mail Stop M Correspondence

Director of the US Patent and Trademark Office
P.O. Box 1450

Alexandria, VA 22313-1450

Re: U5, Patent No. 7,084,423 Issue Date: 08/01/72006
US Application No, 10/217,758 Filing Date: 08/12/2002

Our Docket No.: 40003771-0003-002

Dear Sir/Madarn:

This letter is to notify the United States Patent and Trademark Office that the entity status
for the above-referenced patent has changed from large entity status to small entity status.

Very truly vours,

SO,D%V NSCHEIN NATH & ROSENTHAL LLP

/' i ;
| /

Taﬁgh N. Fahmi

Reg. No. 41,402

Brissels Chicago Daflos Komsas City Loz angeles Newe York Phoenix St Lowis

Serr Francisce Short Hills, N.J. Siicon Valley Wasfinetan, 8. Zurich
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PTOSEEY {(4-05)

Approvedd for use through 04/30/2008, OMB 0651-0018

U.E. Paterd and Tradersark Office; U, 8, DEPARTMENT OF COMMERCE

Undar the Papetwork Reduction Act of 1688, no porsons are required to respond to @ collection of infonmation urdess it displays & valid OME control number.

“FEE ADDRESS” INDICATION FORM

Address to:

Mail Stop M Correspondence
Commissioner for Patents
P.O, Box 1450

Alexandria, VA 22313-1450

INSTRUCTIONS : Only an address raprasented by a Customer Number can be establishad as the fee
address for maintenance fee purposes (hereafler, fee address). A fee address should be specified when the
patentee would like correspondence related to maintenance faes to be mailed lo a different address than the
correspondence address for the application.

When to check the firat box below: {f the fes address for the patent and/or application number(s} you
indicate Is to be established with, or changed o, an existing Customer Number.

When to check the second box below: if & Customer Number reprasenting the fee address hes
to be established so it can then be associated with the patent and/or application number{s) you indicala,
For more information on Customer Numbers, sea the Manuat of Patent Examining Procedure (MPEP} § 403,

Please recognize as the "Fee Address” under the provisions of 37 CFR 1.383 the address associated with:

Customer Numben

20283

OR

{3 Request for Customer Number (PTO/SB/125) altached herelo
i the following listed application{(s) for which the issue Fee has been paid for patent(s).

PATENT NUMBER T T APPLICATION NUMBER

(i kv ] ) ) e,
7,084,423 127758

Compieted by {check one):

B Applicant/inventor Tareh N, Fatmit
Signature
|| Attomey or Agent of record 41,402 Tarek N, Fahni
{Rag. No.) Typed or printed name
E’ Assignee of record of the entire interest. See 37 CFR 3.71. ) 650 768.0320
~ Statement under 37 CFR 3.73() is enclosed. Reqguesters telephone number
{Form PTO/SB/A6)
D Assignee recorded at Resl Frame February 1, 3019
Date
NOTE: Signatures of s the invenlew or assignees of meord of the entire ind t or thel rep atived{s) ar reguiced. Suberd mulipde forms f mses that one
signature i tegquited, 99 balow®.
1 *Totalof forms are submifted.

This coliection of information is sequired by 37 CFR 1.363. The infurnrdion i requirsd lo oblain oy retain 8 banefi by the public which iz o file fand by the USPTO
I process) an application. Contidentality is governed by 35 US.C, 127 and 37 CFR 1.11 and 1.14. This cofluction is estimated to take § minules (o compinte,
incduding gathering, proparing, and submitting the complated sppiicstion form o the USPTC. Time will vary dapending upan thir Individuat casg. Any comments an
the smount of ime you require lo camplete ihis form anmndior suggestons for reducing this burden, should be sent to the Chisf Information Olfienr, US. Patent and
Tradernark Olfice, US. Department of Commeree, RO, Box 14950, Alerandda, VA 223131450, DO NOT SERD COMPLETED FORMS TO THIS ADDRESS.
SEND TO: Mall Stop M Gorrespondence, Commissioner for Patents, P.O. Box 1458, Alexandria, VA 2231341450,

¥ you need assistance {n sompleling the form, eafl 1-800-PTO-Q188 end select apfion 2.
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Electronic Acknowledgement Receipt

EFS ID: 6923647
Application Number: 10217758
International Application Number:
Confirmation Number: 1710

Title of Invention:

METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN
ELECTRICAL JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

First Named Inventor/Applicant Name:

Daniel E. Grupp

Customer Number:

08791

Filer:

Tarek N. Fahmi

Filer Authorized By:

Attorney Docket Number: 3771P003
Receipt Date: 01-FEB-2010
Filing Date: 12-AUG-2002
Time Stamp: 16:50:27

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document L . File Size(Bytes Multi Pages
Document Description File Name ( y V . . 9
Number Message Digest | Part/.zip| (ifappl.)
. 373114
1 Miscellaneous Incoming Letter 40003771-0003-002_Entity_Sta no 1
g tus_change_02_01_2010.pdf
73d58a1456c0fd4d7d9chd5864645b558(7|
1a303

Warnings:

Information:
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269702
40003771-0003-002_Fee_Addr

ess_Indication_02_01_2010.pd ne !

2 Change of Address

6287d308a2f90bb40c073179f539e870c88
27c53

Warnings:

Information:

Total Files Size (in bytes); 642816

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application asa
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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11/181217 13-Jul-05 Acorn Technologies 40003771-0003-003:

gi€
10/342576 14-Jan-03 Acorn Technologies 016771 40003771-0004-002

10/754966 09-Jan-04 Acorn Technologies 40003771-0004-004

10/832576 26-Apr-04 Acom Technologies, . 015846 40003771-0005-002:

11/16628 23-Jun-05 : 016729 40003771-0008-002'

0 29 :
11/678397 23-Feb-07 Acom Technologies, 2 019424 40003771-0009-002
gie
12/253769 17-Oct-08 Acom Technologies, Inc. 022058 40003771-0010-002

12/5649227 27-Aug-09 Acorn Technologies, Inc. 023159 40003771-0014-002:
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Electronic Acknowledgement Receipt

EFS ID: 12396190

Application Number: 10217758

International Application Number:

Confirmation Number: 1710

METHOD FOR DEPINNING THE FERMI LEVEL OF A SEMICONDUCTOR AT AN

Title of Invention: ELECTRICAL JUNCTION AND DEVICES INCORPORATING SUCH JUNCTIONS

First Named Inventor/Applicant Name: Daniel E. Grupp
Customer Number: 8791
Filer: Tarek N. Fahmi/Jennifer Stewart
Filer Authorized By: Tarek N. Fahmi
Attorney Docket Number: 3771P003
Receipt Date: 26-MAR-2012
Filing Date: 12-AUG-2002
Time Stamp: 18:55:05
Application Type: Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document .. . File Size(Bytes)/ Multi Pages
D tD t FileN . . .
Number ocument Description fie Mame Message Digest | Part/.zip| (ifappl.)
325167
1 Acorn_executed_POA.pdf yes 3
80c6d19a8e22bf29e157c34ec08b5abad0fe]
056d
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Multipart Description/PDF files in .zip description
Document Description Start End
Power of Attorney 1 1
Assignee showing of ownership per 37 CFR 3.73(b). 2 3
Warnings:
Information:
Total Files Size (in bytes):i 325167

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similarto a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application asa
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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2\ UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: gglgMIiSs%O\TER FOR PATENTS

4

Alexandria, \ugml 22313-1450
WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE |

FIRST NAMED APPLICANT I

ATTY. DOCKET NO./TITLE |

10/217,758 08/12/2002
27571

TAREK N. FAHMI, APC

84 W. Santa Clara St.

Suite 550

San Jose, CA 95113

Daniel E. Grupp

40003771-0003
CONFIRMATION NO. 1710

POA ACCEPTANCE LETTER

AN LLAMALALERRERE R

Date Mailed: 04/04/2012

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 03/26/2012.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the

above address as provided by 37 CFR 1.33.

/ttkim/

Office of Data Management, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101

page 1 of 1
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2\ UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450
Alexandria, \ugmx 22313-1450
WWW.uspto.gov
| APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
10/217,758 08/12/2002 Daniel E. Grupp

40003771-0003
CONFIRMATION NO. 1710
8791

POWER OF ATTORNEY NOTICE
BLAKELY SOKOLOFF TAYLOR & ZAFMAN LLP
1279 OAKMEAD PARKWAY

(A EANEALAT LA AMALARERREAM TN
SUNNYVALE, CA 94085-4040

Date Mailed: 04/04/2012

NOTICE REGARDING CHANGE OF POWER OF ATTORNEY
This is in response to the Power of Attorney filed 03/26/2012.

The Power of Attorney to you in this application has been revoked by the assignee who has intervened as
provided by 37 CFR 3.71. Future correspondence will be mailed to the new address of record(37 CFR 1.33)

/ttkim/

Office of Data Management, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101

page 1 of 1
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